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Structure and properties of multilayer plasma Ti-Cu coatings

In the article we used the cathodes Ti and Cu. The coatings were deposited on the steel samples by the ion-
plasma method on the HNB-6.6I1 vacuum unit while simultaneously spraying the above cathodes. Multi-
layer coatings were created as follows: Ti was applied within 2 minutes, then Ti + Cu were applied within 2
minutes. Totally, 100 layers were applied in an atmosphere of argon and nitrogen. The Ti-Cu-N coatings syn-
thesized by us possessed hardness with an average value of up to 32 GPa, an elastic modulus of 400-
550 GPa, a degree of elastic recovery of 0.69, and a plasticity index of about 0.15, which in terms of parame-
ters is one of the best examples among the well-known hardening coatings. The results of the tribological
studies showed that the Ti-Cu-N coating deposited on the optimum mode of vacuum-arc evaporation of a
composite Ti-Cu cathode with plasma assisting on a solid substrate has a low friction coefficient, the average
value of which is p = 0.31. The results of X-ray fluorescence analysis confirm the presence of copper in the
test coating. Therefore, it can be assumed that copper, without forming its own crystalline phase and not be-
ing in the crystal lattice of other phases, is located on the crystallite boundaries in the amorphous state. The
time it takes for the copper atoms to form a closed shell around the growing TiN crystallite determines the
growth time of the crystallite and, accordingly, its size. The results of studies of structural-phase, tribological
and physicomechanical characteristics at high temperatures confirmed that multi-layer Ti-Cu-N nitride coat-
ings can be used as wear-resistant to protect products made of hard metal in the temperature range
of 25-700 C. At temperatures above 700 C, the structure and properties of the protective layer undergo
changes, the coating degrades and does not perform protective functions.

Keywords: multilayer coatings, hardness, plasticity, friction, wear resistance.

Introduction

According to the magazine International Manufacturing Technology (Canada), the capacity of the
global market for services for applying high-strength wear-resistant coatings is $1.2 billion, with an annual
growth of 10-15 %, the capacity of the world market for equipment for applying such coatings is $3.9 bil-
lion, with an annual growth of 11 %. In the segment of equipment for applying protective — decorative
coatings on consumer goods, the size of the world market is $100-200 million. In the field of strengthening
coatings, the size of the world market is $2-3 billion a year.

World leaders in the field of PVD coatings — HAUZER TECHNO COATING (Holland) and
INFICON (association of companies BALZERS, LEYBOLD, PFIFFER and US INFICON). The cost of the
equipment of such companies is $1.2—1.45 million (German installation of the SS800 is $1.2 million, Japa-
nese UBMS-707 by KOBE STEEL Co. is $1.45 million, and the Dutch HTC-1000 is $1.2 million.), and cor-
rosion-resistant coatings are formed by creating an undercoat by electroplating before applying the PVD
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coating. The current share of these companies in the EC countries is 38 %. According to research by
TRYKOR Inc. (USA), for a significant growth in the market for electro-plating substitutes, it is necessary to
reduce the cost of PVD equipment by 2 times. The price of equipment for applying PVD protective — deco-
rative coatings of the company «Elan-Praktik» (Russia) — $0.6 million.

The cost of our software-controlled vacuum unit containing the original plasma generator for cleaning
and nitriding parts; original magnetron sputtering system with copper targets; and two arc evaporators with
titanium cathodes do not exceed $0.14 million.

Along with the low cost of our installation, we can get cheap coatings due to simultaneous spraying of
different cathodes and their multilayer alternation. This is the subject of this work.

Overview of Ti+Cu coatings

The use of the Cu element as an additive in TiN was considered in [1-8]. When used as an additive for
Cu, Ag, Ni, etc. in the systems TiN, ZrN, CrN, AIN, etc., the following trend is observed (Fig. 1). An in-
crease in the concentration of the dopant leads first to an increase in the hardness of the coating to a certain
maximum (Fig. 1, b), after which an increase in the content of the additional element leads to a gradual de-
crease in hardness (Fig. 1, a).

3

3 _e—1-CrCuN
—0—-2-Zr-CuN
—8— 3 - Ti-CuN
—O—4-Ti-AgN

a2 B B & 38 3

Hardness, GPa

T T T T 1

0 10 20 30 40 50
The contents of alloying elements, atomic. %

Figure 1. Dependence of PM — N hardness of films on the content
of Cu and Ag dopants [9]. Figures 1—4 correspond to the data of [1—4]

The vacuum-arc plasma assisted coating deposition method used in [9] is based on the use of a non-
independent arc discharge with a combined hot and hollow cathode (a source of gaseous plasma «PINK»)
and an independent arc discharge with a CP (electric arc evaporator with integral cold cathode), the first
stage was carried out in a gas-discharge inert gas plasma generated by the PINK plasma source, with a nega-
tive potential (up to 1 kV) applied to metal substrates [10, 11].

To identify the effect of plasma assisting on the structure, phase and elemental composition, as well as
the physic mechanical characteristics of the coatings, thin (3—5 wm) nitride-titanium coatings are formed on
substrates made of VK-8 alloy, molybdenum grade MP and stainless steel 12X18H10T in different vacuum
modes arc deposition with plasma assisted [9]. The ratio of the ion current densities of the gas and metal
components (j,/jq) to the substrate was changed by spraying nitride coatings by changing the arc current of
the original plasma source PINK from 0 to 1.6 at constant pressure of the working gas. A multilayer Ti/TiN
coating with a layer thickness of 250 nm was also obtained [12—14]. A typical image of this coating is shown
in Figure 2.

Cepusa «dusmka». Ne 1(93)/2019 9
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Figure 2. A typical image of a transverse section of a multilayer Ti/TiN coating deposited
on a steel substrate by a vacuum-arc plasma assisted method (optical metallography) [9]

The results of X-ray diffraction analysis indicate that the Ti~Cu—N coating consists mainly of crystal-
lites of titanium nitride. The presence of titanium with a hexagonal lattice type is due to the presence in the
coating volume of a micro-droplet fraction characteristic of the vacuum-arc deposition method.

The size of coherent scattering regions for Ti—-Cu—-N coatings before and after annealing, determined
from the width of x-ray lines, increases from 16 to 20 nm, and to 25 nm, for the initial sample with a
Ti—Cu—N coating, and after annealing at temperatures of 600 and 1100 C.The lattice parameter for the ini-
tial Ti-Cu—N coating is slightly lower (0.423 nm) than the standard value for TiN (0.425 nm). After anneal-
ing at a temperature of 600 C, the lattice parameter remains almost unchanged; after annealing at 1100 C,
its value increased to 0.426 nm. In this case, the lattice deformation Ad/d decreases by a factor of 4
(from 7.7 10 to 1.9 10), which may indicate the relaxation of residual stresses [9].

Experimental technique

In this work, we used the cathodes Ti and Cu. The coatings were deposited on the steel samples by the
ion-plasma method on the NNV-6.611 vacuum unit while simultaneously spraying the above cathodes. Mul-
ti-layer coatings were created as follows: Ti was applied for 2 minutes, then Ti + Cu for 2 minutes. A total of
100 layers were applied in an atmosphere of argon and nitrogen.

An electron microscopic study was carried out on a MIRA 3 scanning electron microscope of the
TESCAN company. The studies were carried out at an accelerating voltage of 20 kV and a working distance
of about 15 mm. For each sample 4 shots were taken from 4 surface points at different magnifications:
245 times, 1060 times, 4500 times and 14600 times. Energy dispersive analysis was also performed
at 4 points on the surface of each sample.

The optical microstructure was studied on the Epicuant metallographic microscope, and at the
nanoscale — on the NT-206 atomic force microscope. The study of the microhardness of the coatings was
carried out on the microhardness meter HVS-1000A. Tribological studies were carried out on the installation
described in [15].

Experimental results

Figure 3 shows the SEM image of the Ti / Ti + Cu multilayer coating, Figure 4 shows the multilayer
EMF map, and Figure 5 shows the XPS spectrum.
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Figure 5. XPS spectrum of Ti/Ti+Cu coating
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Figure 6 shows the SEM image of the TiN/(Ti+Cu) N multilayer coating, Figure 7 shows the multilayer
EMF map, and Figure 8 shows the XPS spectrum.

- ’ = Y i
IRA3 TESCAN SEM HV: 18.0 kV MIRA3 TESCAN|
View field: 525 ym 3 View field: 53.6 pm
SEM MAG: 528 x Performance in nanospace SEM MAG: 5.16 kx Performance in nanospace

Lucpm

Figure 7. Multilayer EMF map
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Figure 8. XPS spectrum of TiN/(Ti+Cu)N coating

The results of measuring the microhardness of Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in nitrogen are
presented in Table 1, and the optical images in Figures 9 and 10.

Table 1
Microhardness Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in nitrogen
Coating HVO0.1 HVO0.025 HVO0.01
Ti+(Ti+Cu) 499.4 539,9 559.,8
TiIN+(Ti+Cu)N 2288,2 2828,5 3227,3

The average value p = 2781 HV in nitrogen is almost 5 times greater than in argon p = 533 HV.

Figure 9. Pictures of Ti + coating (Ti + Cu) in argon

Figure 10. Pictures of TiN + (Ti + Cu) N coating in nitrogen
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The results of measuring the friction coefficient of Ti + (Ti + Cu) in argon and TiN + (Ti + Cu) N in
nitrogen are presented in Table 2.

Table 2
Coefficient of friction of Ti + (Ti + Cu) coatings in argon and TiN + (Ti + Cu) N in nitrogen
Coating 0 Ho Hep
Uncoated substrate 0,154 0,148 0,151
Ti+(Ti+Cu) 0,247 0,220 0,234
TiN+(Ti+Cu)N 0,306 0,310 0,308

Discussion of the results of the experiment

By varying the discharge current of the PINK plasma source and the substrate potential, it is possible to
regulate the plasma concentration, the ion current density on the substrate, the energy of ions entering the
substrate, which allows the surface layers of the material of the required thickness to be etched and to obtain
the necessary characteristics of its surface (hardness, roughness), at the stage of cleaning, heating and activa-
tion before coating. The obtained data on the rate of etching of stainless steel in argon plasma of a non-self-
sustained arc discharge, depending on plasma parameters, can also be used to optimize the process of etching
substrates as an independent finishing process of ion-plasma treatment.

In this case, a non-porous coating is formed (without the introduction of gas atoms), and the continuous
bombardment of a growing coating with low-energy ions of the working gas allows removing adsorbed re-
sidual gas from the surface and crushing the crystallite size of the growing coating.

The hardness of the TiN coating is 23 GPa, which is lower than the hardness of the Ti — Cu — N mul-
tilayer coating (Table 1). The degree of elastic recovery of Ti-Cu-N coatings is higher than that of TiN
coatings =~ 2 times.

For resistance to abrasive and adhesive wear of the coating, they must have a high hardness and a high
value of elastic recovery, which is especially important in terms of impact, abrasive and erosion effects. Such
a value as H/E, characterizing the stability of the material to elastic deformation of fracture and called the
plasticity index, can be used to assess the wear resistance of coatings. The plasticity index H/E for superhard
coatings should be =~ 0.1 and more. For this, a coating with high hardness H must have a relatively low
modulus of elasticity E.

The Ti-Cu-N coatings synthesized by us possessed hardness with an average value of up to 32 GPa, an
elastic modulus of 400-550 GPa, a degree of elastic recovery of 0.69, and a plasticity index of about 0.15,
which in terms of parameters is one of the best examples among the well-known hardening coatings.

The results of tribological studies (Table 2) showed that the Ti-Cu-N coating deposited in the optimum
vacuum-arc evaporation mode of a composite Ti — Cu cathode with plasma assisting on a solid substrate has
a low friction coefficient, the average value of which is =0 31.

The results of X-ray fluorescence analysis, shown in Figure 8, confirm the presence of copper in the
coating under study. Therefore, it can be assumed that copper, without forming its own crystalline phase and
not being in the crystal lattice of other phases, is located on the crystallite boundaries in the amorphous state.
The time it takes for the copper atoms to form a closed shell around the growing TiN crystallite determines
the growth time of the crystallite and, accordingly, its size.

The results of studies of structural-phase, tribological and physicomechanical characteristics at high
temperatures confirmed that multi-layer Ti-Cu-N nitride coatings can be used as wear-resistant to protect
products made of hard metal in the temperature range of 25-700 °C.At temperatures above 700 °C, the struc-
ture and properties of the protective layer undergo changes, the coating degrades and does not perform pro-
tective functions.

Multicomponent superhard (> 30 GPa) coatings (1-5 pm) with a nanocrystalline structure based
on titanium nitride, such as Ti-Cu-N, can be used to protect parts, tools and other products from premature
wear. Deposition of such coatings increases the performance properties of products: wear resistance, service
life, etc.

Thus, the application of wear-resistant Ti-Cu-N coating, both monolayer and as part of a two-layer or
multi-layer one, guarantees a fold increase in the wear resistance of parts and products from high-speed
steels, hard alloys and composites. The results obtained confirm that the Ti-Cu-N coatings can be used to
increase the performance characteristics of parts and products in mechanical engineering, metalworking and
tool industry, etc.
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Conclusion

It was shown that the addition of a copper element with a concentration of up to 12 at % to a titanium-
based coating allows to obtain a vacuum-arc plasma-assisted method using multilayer nitride coatings
of Ti-Cu-N composition with a nanocrystalline structure, where the TiN crystallites with an average
size =20 nm are surrounded by an amorphous copper layer with a thickness of 2—3 monolayers, while the
copper concentration in the coating is 12 at %, and the coatings have a hardness (up to 35 GPa), a low fric-
tion coefficient (0.3), high adhesion to the metal substrate (> 30 N), increased degree of elastic recovery
(<50 %), high wear resistance (<2600 um’/N m), good thermal stability (up to 1100 C), increased resistance
to oxidation (up to 800 C).

The work was performed under the program of the MES RK. Grants No. 0118PK000063 and
No. @.0780.
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C.A. I'yuenko, H.H. Koass, B.M. IOpos,
O.B. Kpsicuna, B.U. Jlaypunac, O.H. 3aBankas

Ti-Cu KGHKaﬁaTTbI IJIa3MAJIBIK KaniTaMaJdapAblH KYPbLJIBIMbI MEH KacneTTepi

Maxkanana Ti sxene Cu karonrapsl Kongausuiapl. Kanramamap Oonar yarinepine HNB-6.611 Bakyymbt
KOHJBIPFBICHIMEH HOH-IIa3MaJIBIK SJIiCIICH JKOFapblla KOPCETUIreH KaToaTapibl Oip yakpITTa OynaHybl
apKpUTbl KanTajigsl. KenkabarTsl jxaOblHABIIADP Kenecineid xacanapl: 2 MuH Ooiibl Ti, coman keiliH 2 MUH
iminge Ti+Cu kanranapl. Apron Men a3ot armocgepaceinaa 6apibirsl 100 kabaT mexri. bi3 cunrtesneren Ti-
Cu-N xabsmasuaps! 32 I'Tla oprama moenine ue 400550 I'Tla cepmimai momyii, 0.69 cepmimui KaimbHa
KeNTIpy Jopexkeci JKOHE IUIACTHKalbIK HHIeKci mamamen 0.15 OonaTelH KaTTBUIBIKKA He OOJIBI,
TapaMeTpiepIiH JKUBIHTBIFEl OOWBIHIIA Oi3re Oenrinmi OepiKTeHAIprill KamnTaJapiAblH IIIHIETI eH KaKChI
MBICAJbl OONBIN TaObUIAafbl. TpuOONOrusiblK 3eprreynepiin HoTwkenepi Ti-Cu-N  KaTTel Kanrama
IJIa3MaJIbIK aCCUCTHPJICHIeH KaTOAThIH KOMIO3UIUAIBIK Ti-Cu BaKyyMIbIK—OFalibl OyJaHybIHBIH OHTAHIIbI
pexumi GOMbIHINA eTireH KaObIHHBIH YHKeTyIiH ToMeH KoddduunenTine ne, oHblH opTara Maui p = 0,31
TCH €KeHiH KOpceTTi. PeHTreHo(IyopeceHTTIK Taiay HOTIKeIepi 3epTTeNeTiH KabblHaa MBICTBIH OOJIybIH
pacraiinpl. COHABIKTaH MBIC €3 KpUCTaNAbIK (a3acblH KypMail, 6acka (azanapiblH KPUCTAIIbIK TOPbIHA
KipMeld, aMopdThIK Kyiigeri KpHCTAIMTTEp IIeKapachlHIa OpHalacKaH nemn Ooikayra Oomaasl. Mbic
aromzapbel ecin kene xaTkaH TiN KpHCTaIUTi alHaIachlHAA TYHWBIKTAIFaH KaOBIKTBI KYPAWTHIH YaKbIT
KPUCTAIUTTIH 6CYy YaKbIThIH, THICIHIIIC OHBIH MOJILICPiH aHBIKTai1b1. JKOFapsl TeMIepaTypajia KypbUIbIMIIbIK-
(bazanbiK, TPUOONOTHSIIBIK JKOHE (H3UKAIBIK-MEXaHUKAIBIK —CUIATTAMANAphIH  3€PTTEY HOTHXKeEJepi
kenkabartsl Ti-Cu-N Hutpuari kantamanapsl 25-700 °C temneparypa Auana3oHbIHAA KaTThl KOCTAlapAaH
KOpFay YIIiH TO3yFa Te3iMJi KanTramanap peTiHje MaifalaHblIybl MYMKiH ekeHin pactagsl. 700 °C sxorapbl
TeMIepatrypa Ke3iHJe KOpPFaHbIl KaOaThIHBIH KYpBUIBIMBI MEH KacHeTTepi esrepeni, KamrTama
JierpalaliisiIaHaibl )KoHEe KOPFaHbIC (DYHKIMSIAPBIH OPBIHAAMAH bl

Kinm co30ep: xenKkabaTTHI KanTaMaiap, KaTThUIBIK, HUITIIITIK, TO3yFa TO3IMILIIK.

C.A. I'yuenko, H.H. Kosanb, B.M. IOpos,
O.B. Kpricuna, B.Y. Jlaypunac, O.H. 3aBaikas

CTpyKTypa ¥ CBOMCTBA MHOTOCJIOMHBIX IUIa3MeHHbIX NOKPbITHI Ti-Cu

B cratee uncnonpzoBammch katomel Ti m Cu. IIokpEITHS HAaHOCHINCH Ha CTajbHBIE 00OpasIbl HOHHO-
IJ1a3MEHHBIM METOAOM Ha BakyyMHoU yctanoBke HHB-6.611 npu ogHOBpEeMEHHOM paclblICHUU YKa3aHHBIX
BEIIIE KaTo0B. CO3/1aBaNIICh MHOTOCJIOWHBIE IOKPBITHS CIIEAYIONM 00pa3oM: B TeUeHHE 2 MHH HaHOCHIICS
Ti, 3atem B Teuenue 2 mun — Ti+Cu. Beero nanocuiocs 100 cnoeB B atmocdepe aprona u azora. CuHTe3H-
poBanuble Hamu Ti-Cu-N mokpbITus 00nafanu TBEPAOCTHIO cO cpeaHuM 3HadeHueM 1o 32 I'Tla, mongynem
ynpyroctu 400-550 I'Tla, crenensio ynpyroro Bocctanosienus 0,69 u unaexcom miactuyHoctu oxono 0,15,
YTO, MO COBOKYIMHOCTH MapaMeTPOB, ABIAETCS OAHUM M3 JIy4IIUX MPHUMEPOB CPEIH U3BECTHBIX YHMPOUHSIO-
IIUX HOKPHITHH. Pe3ynbpraTel TpnOoaorndecknx UccireRoBaHuil mokaszanu, 94ro Ti-Cu-N mokpeITHe, OCaKaeH-
HOE TI0 ONTUMAIBHOMY PEXHMY BaKyyMHO-IYTOBOTO McHapeHHs koMmnosunnonHoro Ti—Cu karoma ¢ mias-
MCHHBIM aCCHCTHPOBAaHHEM Ha TBEPAYIO IOIOKKY, 00nazaeT HU3KUM KOX(QQUIMEHTOM TpeHHs, CpenHee
3HaUeHHe KoToporo paBHO W = 0,31. Pe3ynpTaTsl peHTreHO(IyOPEeCIEHTHOTO aHaIN3a HOATBEPIKAAIOT HaH-
YyHe MEIU B UCCIEAYEMOM MOKPBITHH. [03TOMY MOKHO cenaTh MpearnonokKeHe, 94To Meib, He 00pasys cob-
CTBCHHOW KPHMCTaJUIMYECKOH (a3bl M HE HAXOIACh B KPUCTAJUIMYECKOH pelleTke APYrux (a3, pacrosoxeHa
Ha IpaHUIaX KPUCTAJUIMTOB B aMOpdHOM cocTosHMHU. Bpems, 3a KoTOpoe aToMbl Meau 00pasyloT BOKPYT
pacrymero kpuctajura TiN 3aMKHYTYI0 000JI04Ky, OHpEAeNseT BpeMs pocTa KPUCTAIINTA, & COOTBETCT-
BCHHO, M €ro pa3Mep. Pe3ymbTaTbl HCCIENOBaHUH CTPYKTYPHO-(Da30BBEIX, TPHOOIOTHYECKHX H (PU3UKO-
MEXaHMYECKUX XapaKTEPHCTHK IIPH BHICOKMX 3HAUCHMSIX TEMIEpaTyp IOATBEPIMIM, YTO MHOTOCIOITHBIC
autpuansle Ti-Cu-N MOKPHITHS MOXKHO HCIIONB30BaTh KaK N3HOCOCTOMKUE, JUIS 3aI[UTHI U3ISIHH U3 TBEPHO-
ro cmulaBa B auanasoHe temnepatyp 25-700 °C. IIpu temneparypax Boie 700 °C cTpykTypa U CBOHCTBa
3aI[UTHOTO CJIOS TIPETEPIEBAIOT U3MEHEHUS], TOKPBITHE JETPAJUPYET U HE BHITIONHSET 3aIIUTHBIX (DYHKLHUH.

Kniouesvle cro6a: MHOTOCIIONHBIC ITOKPBITHSA, TBEPAOCTD, IIIACTUYHOCTD, TPEHUE, U3HOCOCTONKOCTb.
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Study of the effect of an external magnetic field on the photoelectric
properties of a copper phthalocyanine film

In the article the results of a study of the influence of a magnetic field on the change in current-voltage char-
acteristics and charge carrier mobility in a solid film of copper phthalocyanine (CuPc) are presented. A solid
CuPc film on a substrate with a conductive ITO surface (Indium Tin Oxide) was obtained by thermal evapo-
ration in a vacuum. The absorption spectrum of CuPc was measured; as a result, copper phthalocyanine mol-
ecules on the substrate surface were found to be in the metastable a-phase. Measurements of current-voltage
characteristics (IVC) were carried out using a potentiostat-galvanostat P20X in the linear sweep mode. To
study the effect of a magnetic field on the photoelectric characteristics, a sample was placed between the
poles of an electromagnet. A xenon lamp with radiation intensity of 50 mW/cm” was used as a simulator of
sunlight. As a result of experiments, it was found that the external magnetic field affects the value of the
short-circuit current, at the same time, the charge carrier mobility in a magnetic field does not change. The
studied effect of a change in the current-voltage characteristics in a solid CuPc film upon application of an
external magnetic field can be used as a high-speed magnetic field sensor.

Keywords: copper phthalocyanine film, IVC, magnetic field, charge carrier mobility.

Currently, semiconductor silicon solar cells are leaders in the field of converting light energy into electri-
cal energy (a record makes ~ 46 %). However, the complexity of the technology, the high cost of production,
the requirement for the purity of the materials used and the fragility limit their widespread distribution [1].

An alternative replacement for silicon solar cells is organic polymer batteries. These devices have
several advantages, such as the simplicity of the used technology, the low cost of materials, the possibility of
obtaining a large area with flexibility [2]. In this regard, the actual task is the study and application of semi-
conductor organic photovoltaic devices.

To clarify the mechanism of formation of charge carriers and other processes involving excited singlet
and triplet states in organic solids, along with traditional optical and electrical methods, new methods have
been widely used based on the influence of an external magnetic field on specific stages of non-equilibrium
electronic processes and related to reactivity paramagnetic particles. Changes in the speed of these stages are
detected by changes in photoconductivity, fluorescence intensity, optical density, etc. With the help of these
effects, the specificity of the influence of the magnetic field allows to judge the mechanism of the processes
and the presence of magnetically sensitive stages.

The aim of the work is to study the effect of an external magnetic field on the processes of generation
and separation of charges in a solid film of copper phthalocyanine. The tasks are to measure the influence of
an external magnetic field on the current-voltage characteristics of a solid CuPc film; on the basis of existing
measurement methods, calculate the charge carrier mobility in a thin-film solar cell.

The high charge carrier mobility [3] and high photovoltaic parameters allow us to consider metal
phthalocyanines as promising materials for photovoltaic devices [4, 5]. The structural formula of the com-
pound based on copper phthalocyanine is shown in Figure 1.
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Figure 1. The structural formula of copper phthalocyanine
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Thermal evaporation is the most rational way of applying phthalocyanines to the surface, because most
of them are able to sublimate. These compounds are susceptible to sublimation in vacuum at temperatures up
to 573 K [6].

A solid film of organic CuPc molecules was deposited on the surface by thermal evaporation in a
vacuum (10~ Torr) using a Carl Zeiss Jena HBA 120/2 appliance.

The thickness of the precipitated layer was calculated by the Formula 1.

T M sm? ’ 1)
4npR
where M is the mass of the material to be evaporated; T is the thickness of the deposited layer; 6 is the angle
of inclination of the substrate to the evaporator; pis is the density of the material to be evaporated; R is the
distance from the evaporator to the substrate.

With the help of thermal vacuum evaporation, a solid film of copper phthalocyanine with a thickness
of ~ 140 nm (Fig. 2) was sprayed onto the surface of an ITO (Indium Tin Oxide) coated substrate. Further,
an electrode of aluminium with a thickness of ~ 150 nm was deposited on the surface of the deposited layer
of organic molecules of CuPc. The layer thickness was measured using a Hitachi S-4800 scanning electron
microscope (Tomsk city).

Before thermal evaporation the surface of glass substrates with a transparent conductive ITO coating
(resistance Ripo = 60 /cm) must be thoroughly cleaned. In the process of cleaning, the samples were verti-
cally placed in an ultrasonic bath and washed for 10 minutes in acetone, in isopropyl alcohol and in dionized
water, and then dried in a drying cabinet for 20 minutes. At the end, in order to remove organic residues from
the surface and increase wettability, they were subjected to UV-ozone treatment for 1 hour.

183.51 nm

Figure 2. SEM image of the cleaved quartz substrate with a solid CuPc film

The absorption spectrum of copper phthalocyanine was measured using a CM2203
spectrofluorometer (Fig. 3). As can be seen in Figure 3, the absorption spectrum has 3 maxima. The first ab-
sorption maximum is observed in the ultraviolet region with a wavelength of /=335 nm and an optical densi-
ty of 0.59. This area is called the B-range. In the B-range, a large absorption peak is observed, which indi-
cates that CuPc has the structure of the metastable a-phase, since during thermal annealing, a sharp decrease
in absorption is observed in this range [7]. Also, at wavelengths of /=615 nm and A=695 nm, there are se-
cond and third absorption maxima in the visible region of the spectrum (Q-band). The optical density is 0.63
and 0.56, respectively. This spectrum coincides with the studies of the authors [8]. The characteristic split-
ting of the Q-band into two absorption peaks is a consequence of the crystalline form of phthalocyanine and
is called Davidov splitting [9].
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Figure 3. Absorption spectrum of Cu-phthalocyanine film on quartz substrate

Figure 4 (a) shows a diagram of the energy levels of a sample of a photovoltaic cell with a layered
structure ITO/CuPc/Al. From Figure 4 (b) it follows that the sample consists of several layers: / — glass
substrate; 2 — a transparent conductive layer of ITO (Indium Tin Oxide), which serves as the anode; 3 — a
layer of copper phthalocyanine organic molecules; 4 — aluminum electrode serving as a cathode.

2

-4,2

47 Al

5. ITO

-6 -

Glass

b)
Figure 4. Diagram of energy levels (a) and cell structure (b)

Measurements of current-voltage characteristics (IVC) were carried out using a potentiostat-
galvanostat P20X in the linear sweep mode. A xenon lamp with a study intensity of 50 mW/cm” was used as
a simulator of sunlight. The installation diagram is shown in Figure 5.
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Potentiostat P20X
Counter Ref Comp Work
Excitation
Anode L lght

| /
Magnet Xenon
Power Supply < < Lamp

Cathode I \

Lens

Figure 5. Diagram of the experimental installation for measuring
the IVC in an external magnetic field

The maximum open circuit voltage of the organic cell was 0.75 V at a short-circuit current density
of 2.020 pA/cm’. Based on the dependence of the current on voltage, the current density, the filling fac-
tor (FF) and the efficiency of conversion of solar energy into electrical energy were calculated according to
the method described in [10].

Figure 6 demonstrates the effect of a magnetic field. Curve 1 corresponds to the current-voltage
characteristic of a CuPc-based photovoltaic cell without an external magnetic field. When solar cells are
placed in a magnetic field, the short-circuit current is more than halved, which indicates a negative effect of
the magnetic field on the current-voltage characteristic (curves 2—4).

uwv)
0,00 0,25 0,50 0,75

1—0T;2—0,2T; 3—0,4T; 4 —0,6T
Figure 6. The influence of the magnetic field on the current-voltage characteristics

Table shows the calculations of the characteristics of a photovoltaic cell with the ITO/CuPc/Al structure
when the magnetic field varies from 0 to 0.6T.
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Table
Photovoltaic cell characteristics
BT | U (V) | Us(V) | Joux (A fom’) Jie (nA/em?) FF n (%)

0 0,269 0,75 0,725 2,020 0,128 3,878E-06
0,1 0,29 0,764 0,628 1,910 0,124 3,619E-06
0,2 0,287 0,755 0,546 1,682 0,123 3,124E-06
0,3 0,287 0,740 0,482 1,479 0,126 2,758E-06
0,4 0,26 0,723 0,458 1,276 0,129 2,38E-06
0,5 0,255 0,704 0,402 1,117 0,130 2,045E-06
0,6 0,25 0,683 0,356 0,976 0,133 1,773E-06

Based on the data obtained in Table, it can be concluded that with an increase in the magnetic
field (from 0 to 0.6T) the maximum current density (J,..x) and short-circuit current density (Ji.) decreases
more than 2 times, while, maximum voltage (U,..x) and open circuit voltage (U,.) practically do not change.
Also, the efficiency of the photovoltaic cell decreased by more than 2 times at the maximum value of the
applied external magnetic field (0.6T).

Also, during the experiments, the effect of a magnetic field (MFE — Magnetic Field Effect) on the
short circuit current of an organic semiconductor cell was revealed. MFE was calculated according to the
method [11]. This graph is shown in Figure 7.

The formula (2) for calculating the effect of a magnetic field is given below.

MFE :131—1"'100 %, 2)

0

where [ is a short circuit current in a magnetic field; /, is a short circuit current without exposure to a mag-
netic field.
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1 — MFE; 2 — carrier mobility
Figure 7. The effect of the magnetic field (MFE) and the charge carrier mobility

According to the above graph, it can be concluded that with an increase in the magnetic field, the short-
circuit current changes in a negative direction. The reduction of the short circuit current was more than 50 %
with an increase in the magnetic field from 0 to 0.6T.

The charge carrier mobility (Fig. 7) of copper phthalocyanine was obtained using the DI-SCLC tech-
nique (Dark injection space-charge-limited current) described in [12]. The charge carriers in CuPc are holes,
since this compound belongs to p-type semiconductors. Below is a formula for calculating the charge carrier
mobility (formula 3).
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dZ
W=7 3)

W
where u is the charge carrier mobility; d is the film thickness; V is the applied voltage, t, is the transient time.
Transient time is calculated by the formula 4, where T, is the time of rise of the peak current from the

moment the voltage is applied.
Tpear = 0.7861,. 4)

The calculated charge carrier mobility in a solid semiconductor film consisting of organic molecules
of copper phthalocyanine (at an applied voltage of ~ 620 mV) was 2.6:10° cm’/Vs. According to
the authors, the mobility of CuPc charge carriers ranges from ~ 3.9-10cm?/ Vs up to ~ 2.5-10°cm?/Vs, de-
pending on the annealing temperature [13]. According to the data obtained from the experiment (Fig. 7),
a change in the magnetic field from 0 to 0.6T does not affect the charge carrier mobility in an organic photo-
voltaic cell.

Based on the experiments performed, it can be concluded that the organic molecules of copper
phthalocyanine are sensitive to the magnetic field, which was proved by measuring the current-voltage
characteristics of the photovoltaic cell. The effect of the influence of the magnetic field showed a decrease
in short-circuit current by more than 2 times. Potentially, the studied effect of a change in the current-voltage
characteristics in a solid CuPc film upon application of an external magnetic field can be used as a high-
speed magnetic field sensor.
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A.B. 3aBropoaunuii, A.K. Alimyxanos, A.K. 3eiinunenos, K. K. AxatoBa

Mpbic ¢pramonnannHi KaObIPIIAFBIHBIH (OTOIEKTPJIIK
KacueTTepiHe CHIPTKbI MATHHUT OPICiHiH dcepiH 3epTTey

Makamaga wmbic  ¢ramonuanuHinig (CuPc) KaTTel KaOBIPIIAFBIHAAFBl  3apsl TachIMAJJayIIbUIapAbIH
KO3FAJIFBIIITBIFEl MEH BOJBTAMIIEPIIK CHIIATTAMAJIAPBIHBIH ©3TepiciHe MarHHT OpiCiHIH acepiH 3epTrey
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HoTikesnepi kenripinreH. beri Tok ertkizerin ITO (unamit oxcuni Kamaiiel) Tecemeneri CuPc karTel
KaOBbIpIIarbl BaKyyMJia TEPMUSUIBIK OylaHIBIPY 9/ici apKbuIbl anbiHAbl. CuPc KyThuly cHeKTpiepi eJeHmi,
COHBIH HATIKECiHIe TeceMe OeTiHaeri MbIC (TaJOLMAaHUHIHIH MOJEKyJaadapbl Meractabmibai o-dasama
OoaThIHBI aHBIKTAABL. Bosbrammeprnik cumarramanapra (BAC) P20X moreHmmocTar-raibBaHOCTATTHIH
KOMETiIMEH CBI3BIKTHIK Kalllay KyHiHze emmeM Kyprizini. PoTosnekTpilik cunaTraManapra MarHiT epiciHig
dcepiH 3epTTey YIUiH YJri 3JIEKTPMarHWT MOJIOCTEPiHIH apachlHa OpHAJIacThIPbULIBL. KYH JKapbIFbIHBIH
YKCATKBIIIBI PETiHIE COyNe WIBIFAPY KAPKbIHABUIbIFEI 50 MBT/CM® GONATBIH KCEHOH IIAMBI KOIIAHBUIIbL.
Taxipube HOTHKECIHIE CHIPTKBI MATHUT OPICIHIH KbICKA TYHBIKTATY TOrBIHBIH MOHIHE 9Cep eTeTiHi, COHBIMEH
6ipre MarHuT epiciHzeri 3apsi TaChIMANIAayLIbUIAp KO3FaJIFBIITHIFBIHBIH 63repMeiTiHairi anpikranasl. CuPc
KaTThl KaObipiareiHaarsl BAC e3repici CHIPTKbI MarHUT ©piciHE CalfaH Ke3[Ie 3ePTTENreH acepi MarHuT
opiciHiH Te3 acep eTeTiH KYpPBUIFBICHI PETiH/C MaiilalaHybl MYMKIH.

Kinm ce30ep: mpbic QranormanuH KaObipmarsl, BAC, MarHuT epici, 3apsn TachIMaigaylIbUIapBIHBIH
KO3FaJIFBIIITHIFBL.

A.B. 3aBropoaunuii, A.K. Alimyxanos, A.K. 3eiinunenos, K. K. AxatoBa

HccnenoBanne BIMAHUA BHEIIHET0 MATHUTHOIO TOJIS
HA (POTOIIEKTPUYECKHE CBOMCTBA IVICHKH (PTAJIONMAHUHA MeIU

B cratbe npencraBieHsl pe3ynbTaThl UCCIACAOBAHMS BIUSHNUSA MArHUTHOTO IIOJI HA U3MEHEHHE BOJIbTaMIIep-
HBIX XapaKTepUCTHK M IOABIKHOCTU HOCHTENEeH 3apsjga B TBepaod IureHke ¢ramoruannHa menn (CuPc).
Teepnas mrenka CuPc Ha momoxkke ¢ ToxonpoBozsmeil mosepxuocteio ITO (okcun muans-onoBa) Obuta
N0JIy4eHa METOJO0M TEPMHUYECKOI'O MCIAPEHUS B BaKyyMe. bbuln MpoBeneHbl U3MEPEHUs CIEKTpa MOIJIONIe-
Hus CuPc, B pesynbpraTe ObUIO YCTAHOBIEHO, YTO MOJIEKYJIBI (hTATONMAHNHA MEIN HA MIOBEPXHOCTH MOATIOXK-
KH HaxoIsITCsl B MeTacTaOmwiIbHOH a-dase. M3mepenust BosbTaMrepHbIX xapakrepuctuk (BAX) npoBoauinch
[Py MOMOILIM MOTEHIHOCTaTa-ragbBaHocTata P20X B pexume TuHEHHOH pasBepTku. sl Mcciel0oBaHUS
BJIMSIHUSL MATHUTHOTO MOJISL HA (DOTORJIEKTPUUECKHE XapaKTEPUCTHKU 00paser] MoOMEIaIcss MexX/y IOJII0CaMH
JJIEKTPOMAarHuTa. B kauecTBe MMUTAaTOpa COJIHEYHOrO CBETa UCIOJIb30BAHA KCEHOHOBAs JIaMIla C HHTEHCHUB-
HOCTBIO M3JIyueHHs, paBHOi 50 MBT/cM%. B pe3yibrare SKCIEPHUMEHTOB ObUIO YCTAHOBIEHO, YTO BHEIIHEE
MarHUTHOE I0JI€ OKa3bIBACT BJIMSHHUE HAa 3HAUCHHUE TOKA KOPOTKOIO 3aMBIKAHHUS, B TO %K€ BPeMs IOJABUKHOCTh
HOCHTeNeH 3apsiia B MAarHUTHOM HoJe He MeHsercs. VccnenoBanusiii addexr n3menennss BAX B TBepmoit
mienke CuPc npyu HanoXkeHNH BHELIHET0 MarHUTHOTO TOJIS MOXKET ObITh IMPHMEHEH B KaueCTBE OBICTPOJIEH-
CTBYIOIIETO JaTYMKAa MATHUTHOTO MOJIA.

Knioueswie cnosa: nnenka ¢prangonuannna Mean, BAX, MarHuTHoe 1oJie, O/ABH)KHOCTh HOCHTENeH 3apsiia.
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Study of spectral and luminescent characteristics
of wheat seeds after laser radiation

The spectral and luminescent properties of wheat seeds were studied after laser radiation. The radiation of
wheat seeds by monochromatic radiation was performed using a continuous semiconductor laser within the
generation wavelength of Agen = 650 nm. The radiation power density in working area is 2.3 mW. The exci-
tation and luminescence spectra of wheat seeds were measured. It was shown that after the radiation of wheat
seeds by monochromatic radiation the luminescence intensity was increased to critical value. It has been es-
tablished that radiation intensity of wheat seeds depends on the laser radiation time duration. The dependenc-
es of germination and sprout energy of wheat seeds from laser radiation time duration were studied. The de-
pendences of luminescent intensity of wheat seeds correlate with germination and sprout energy data. The ob-
tained results can be used for laser processing of wheat seeds of agricultural crops.

Keywords: coherent radiation, luminescence, excitation spectra, irradiation, wheat seed, germination, sprout
energy.

1 Introduction

Nowadays, interest is rapidly growing up to the action of coherent radiation on plant organisms. The
main issue in this problem is a need to clarify the fundamental aspects of coherent laser radiation interac-
tion with biosystem, and applied tasks [1, 2]. Thus, the interaction of coherent laser radiation with biologi-
cal objects leads to certain photobiological reactions. Herewith the physiological status of plant organisms
largely depends on the light intensity, its spectral composition, and radiation dose and irradiation frequen-
cy [3,4].

A relevant issue in this paper becomes the study of plant organism’s luminescence characteristics. Lu-
minescence spectra often provide detailed information about fluorescent molecules, their conformations,
binding sites and interactions with cells and tissues [5, 6]. The luminescent characteristics of plant organisms
are sensitive to various factors as well. Therefore, we studied the luminescence of wheat seeds in different
humidity [7]. The results showed that the wheat seeds luminescence depended on the structure and time of
soaking. Thus, the study of the biological effects of coherent laser radiation on plant organisms may attract
not only identifying the optimal conditions for use in practical purposes, but the fundamental laws of lights
action on plant organisms. The luminescence level can be considered as indicators of the cellular metabo-
lisms intensity.

The most important of them are methods of spectral analysis, which allow studying the physico-
chemical processes that directly take place in the living cell and its organoids. The possibilities of spec-
tral analysis are primarily associated with the circumstance that many molecules perform as a part of the
functional mechanisms of cells that possess very characteristic absorption spectra and luminescence. In
some cases, these spectral characteristics exposed significant changes, reflecting those changes in the
structure of given molecules and its environment, which serve the physicochemical basis of biological
function. Thus, the study of luminescent characteristics of plant organisms is particularly relevant due to
the fact, that luminescent characteristics of wheat seeds can provide information about their physiologi-
cal states and properties.

This paper presents the results of study of the influence of laser radiation on wheat seeds spectral-
luminescent properties and photo-induced reactions.

2 Experimental

The selection form of wheat seeds were irradiated in an air-dry state. Irradiation of wheat seeds with
monochromatic radiation was carried out using a continuous semiconductor laser with a generation wave-
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length Ay, = 650 nm. The density of radiation power in working area is 2.3 mW. The radiation power density
was recorded using a measuring instrument IKT-1N laser radiation meter. The irradiation exposure times of
wheat seeds were 10 to 900 seconds.

Registration of excitation and fluorescence spectra of the samples were performed by spectrometer
SM2203 (Solar). The excitation and fluorescence spectra of wheat seeds were measured in holders for solid
samples. The relative error of spectral measurements on spectrophotometer CM2203 does not exceed 2 %.
Measurement accuracy of absorption spectra is = 2 nm, and measurement accuracy of fluorescence spectra
is £ 1 nm.

The luminescence decay kinetics of wheat seeds were measured on a pulsed spectrofluorometric with
picoseconds resolution and recording in the time-correlated photon-counting mode. Fluorescence of the
samples were excited using a pulsed semiconductor laser with generation wavelength A, = 488 nm with
pulse duration at half-height t = 40 ps.

For evaluation of the germination of seeds, they were germinated in 50 pieces in triplicate on moistened
2-ply filter paper in Petri dishes at room temperature in the climate chamber. Wheat seeds were considered
germinated, if it had a sprout and root, more than 1 cm and there were no signs of infection. Control and ir-
radiated seeds were kept at the same constant temperature and humidity. The study of germination and seed
sprout energy was carried out according to the methodological instructions of M.S. Zorina and
S.P. Kabanov [8].

3 Results and discussion

Figure 1 demonstrates the excitation and luminescence spectra. It can be seen from the figure that the
excitation spectrum intensity has a maximum at a wavelength of A = 436 nm. The photo-excitation of wheat
seeds luminescence was carried out at a wavelength A equal to 440 nm. The wheat seeds luminescence spec-
trum has a intensity maximum at a wavelength Amax= 505 nm, and half width of spectrum A il 72 nm.

I(a.u)
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0.4

0,2

0.0 : ‘ : .
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Figure 1. Wheat seeds excitation and luminescence spectra

Figure 2 demonstrates the dependence of wheat seeds emission intensity from various duration expo-
sures by laser radiation. It can be seen from the figure that the emission intensity increased when photo exci-
tation of the wheat seeds was observed. The intensity of wheat seeds luminescence increases to some critical
value (t =240 s), and a further increase seeds exposures radiation time leads to a decrease luminescence in-
tensity by 1.5 times. In this case, the maximum position of luminescence bands and its half width does not
change (Table). According to the reason of the increase of plant biosystem luminescence intensity is an in-
crease enzymatic reaction rate [9]. However, on prolonged laser radiations exposure, it leads to the decrease
of wheat seeds luminescence intensity, which is probably associated with oppressive action of laser radia-
tion.
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Figure 2. Dependence of wheat seeds emission intensity
from laser (Agen = 650 nm) radiation exposure time

Table

Influence of coherent radiation on wheat seeds luminescence characteristic

Radiations exposure ' o.e. Al am N“ll?n’ nm
duration time, s max max 4

0 0,212 505 72

30 0,225 505 72
120 0,245 505 72
240 0,251 505 72
300 0,238 505 72
400 0,215 505 72
600 0,182 505 72
900 0,158 505 72

Measurements of luminescence kinetic characteristics by the time-correlated photon counting method

when samples were excited by a diode laser (Agen = 488 nm, T = 40 p.sec.) showed that the logarithmic de-
cay curves of unirradiated wheat seeds have a non-linear relationship over the entire time range of the
measurements. In this case, in kinetics one can distinguish two linear regions with different luminescence
lifetime (Fig. 3). The lifetimes of the excited states, obtained by approximating the decay curves by an expo-
nential function, were t1 = 0.55 ns and 12 = 1.65 ns, respectively. After laser radiations exposure on wheat
seeds, the luminescence lifetime does not change.

28
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Figure 3. Wheat seeds luminescence kinetics decay
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The dependence of wheat seeds germination and sprout energy from laser radiations exposure time du-
ration as illustrated in Figure 4. As it demonstrates that the wheat seeds germination and growth energy from
radiation exposure time duration had some extremums. The wheat seeds germination increases with
the radiation exposure duration. This mark varies considerably, starting with radiations exposure duration of
30 seconds. The wheat seeds germination and sprout energies maximum value reaches at radiations exposure
times of 30, 160, 240 s. In this case, seed germination compared with the control (88.0 %) increased
by 12.0 % and amounted to 100.0 % (Fig. 4a). The results showed the similar dependence of germination
energy from duration time of irradiation (Fig. 4b). For all curves, the maximum inflection is observed at al-
most the same radiation exposure time duration. The relative increase in germination energy values also re-
mains, approximately the same.

G, % G energy, %

100 . 100+ .
96—-
93-.
88-
4]

804

T T T T M v T T T T
0 200 400 600 800 0 200 400 600 800
t,s t,s

Picture 4. Dependence of wheat seeds germination and sprout energy from laser radiations exposure time duration

Non-linear responsiveness of wheat seeds from action of coherent red radiation associated
with radiations exposure time duration and did not obey dose law of Bunsen-Roscoe. The responsiveness of
plant organism violates the law of Bunsen-Roscoe as describes in studies [10, 11]. The following increase of
the laser radiations exposure duration times that leads to the decrease in wheat seeds germination and sprout
energy. When laser radiations exposure time duration achieved limit value, it decreased the stimulation effect
which was associated with saturation and oppressive action to cells metabolism [12, 13].

4 Conclusion

From research results, when wheat seeds irradiated by laser radiation, the luminescence intensity in-
creased. The wheat seeds luminescence intensities maximum was observed in radiations exposure time dura-
tion up to 240s. The following increase radiation exposure time duration leads to the decrease of the emis-
sions intensity. In this case, the band limits the position, whereas its half width did not change. The excited
states lifetimes were t1 = 0.55 ns and 12 = 1.65 ns, respectively. When wheat seeds are irradiated, the excited
states lifetime does not change. The dependence of biological effect from laser radiation exposure time dura-
tions had multimodal form with alternative maximum and minimum of stimulation effect. Wheat seeds were
studied at laser radiation exposure times duration up to 240s. In this case, seeds germination compared with
the control samples increased by 12.0 %. From experiment results, the analogical dependence of seeds ger-
mination energy from laser radiation exposure time duration was observed.
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Jlazep cayJieciMeH coyJiesieHaipiiireH Ouaam JoHiHIH
CNIEKTPJIIK-TIOMUHECHEHTTIK KACUETTEPIH 3epTTey

Bupait noHIH KOTepeHTTI >KapbIKIEH COylIelNeHIpyaeH KeHiHrl CHeKTpPIiK-JIIOMUHECHEHTTIK KacHeTi
3eprTenii. bunail IoHIH MOHOXPOMATTHI COYNENCHIIPYre, TOJKBIH Y3bIHABIK T€HEPALHSCH A, = 650 HM,
y3imicci3 coyiae IUbIFapaThIH  KapThUIAMOTKI3rilITI Jlazep maiganaHbuiAbl. JKYMBIC — ayMarblHIAFbI
COyJICNICHAIPY KyaTbIHbIH ThIFbI3IbIFbI 2,3 MBT. bunaii noHiHIH KO31bIpY XOHE JIOMMHECLCHIMS CIEKTpIepi
enmeHal. bunait oHI JIIOMHHECHEHLIMACHIHBIH KAPKBIHIBUIBIFBL, KOTEPEHTTI COyJENeHAIpyJeH KeHiH
KPUTHKAJIBIK MOHI apTKaHbl Oaiikayabl. bunail IoHIHIH jkapblK LIbIFApy KapKbIHBI JIA3€PMEH COYJIEICHIIPY
Y3aKTHIFBIHA TOYENIAl eKeHAIrl aHBIKTANAbl. bunmail moHiHIH OypIIik jXKapybl MEH ©CYy SHEPTHsCHI JIa3epllik
COyJIeTICHAIPY Y3aKTHIFBIHA TOYeNAlI eKeHi 3epTTenai. bupmail NoHIHIH JIOMHHECHEHIUS KapKbIHIBUIBIFBI
OYpIIiK >kapy ’KOHE ©CY IHEPTHUSACH IepeKTepiHe OAUITaHBICTHI.

Kinm ce30ep: XKOTepeHTTi cayie HIbIFapy, JIOMUHECIEHINS, KO3IbIPY CIEKTpi, coyleleHnipy, ounai moHi,
OypILiK 5kapy, 6Cy SHEPTHUSICHI.

A.K. 3eitnunenos, A.K. Aitmyxanos, T.M. MyxameTrkanu,
M.IO. Ummyparosa, C.Y. TneykenoBa

HccaenoBanue CIIEKTPAJBHO-JTIOMUHECCIHCHTHDBIX XapaKTePUCTUK
CEMSAH NIICHUIBI MTOCJIE oﬁnyqemm JIA3€PHBIM H3JTYYCHHEM

CHeKTpaJIbHO-TIOMHHECIICHTHbIE CBOHCTBA CEMSH IIICHUIB! OBIIM HCCIEIOBAaHBI MOCKC OOIydeHHs Ja3ep-
HBIM m3nydeHreM. OOydeHne ceMsH MIISHHIBI MOHOXPOMATHYECKUM H3JIy4eHHEM IIPOBOIMIOCH C TIOMO-
IIBI0 HEMPEPBIBHOTO MOIYHNPOBOJHUKOBOTO JIa3epa ¢ JAIMHOM BOJHBI T€HEpalHu A,., = 650 uM. I[InotHOCTH
MOIIHOCTH 00JIydeHnst B paboueli 30He cocraBisuia 2,3 MBT. M3MepeHs! crieKTphl BO30YXKICHUS M JTIOMHHEC-
LEHLIUH ceMsH nieHuisl. [lokazano, 4yto nocne o0myyeHHs: CeMsH MIISHUIBI MOHOXPOMAaTHYECKUM H3JTyde-
HHEM MHTEHCUBHOCTD JIIOMHUHECIICHIINH YBEIMYUBACTCS 10 KPUTUYECKOIO 3HAYCHHUSA. Y CTAaHOBJIEHO, YTO MH-
TEHCUBHOCTb M3JIyYCHHS CEMSH IIICHUIBl MMEET 3aBHCUMOCTb OT JIUTENBHOCTH JIa3€pHOI0 OOIydYeHHS.
Taxoke ObTH U3y4EHBI 3aBUCMOCTH BCXOXKECTH M SHEPTHHU MIPOPACTAHHUS CEMSH MIICHUIBI OT IJIUTEIbHOCTH
J1a3epHOTO OOydYeHHs. 3aBHCHMOCTH MHTCHCHBHOCTH JIIOMUHECIEHIMH CEMSH MIICHUIBI KOPPEIUPYIOT C
JTAHHBIMU 10 BCXOXKECTH M YHEPTHH IpopacTanus. [1oirydeHHbIe pe3yIbTaThl MOTYT OBITH HCHOJIB30BAHbI IIPU
Ja3epHoi 00paboTKe MPEANOCEBHBIX CEMSH CEJILCKOXO3STHCTBEHHBIX KYIIBTYP.

Knrouesvie cnosa: KOIr€pEeHTHOC M3JIYYCHUE, JIIOMUHECUCHIMA, CIEKTD BO36y)KZ[eHI/I$[, 06Hy‘{eHHe, CCMCHa
MIICHMUIIBI, BCXOXKECTh, SDHEPIUA IPOpACTaHUA.
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(DOTOCCHCI/I6I/I.]II/I3I/IPOB3HHl>Iﬁ CHHIJIETHBIH KHCJI0pPOA 1 KUCJIOPOAHBIC KOMIUVIEKCHI
B BOBHUKHOBCHHUHM U U3MCHCHHUH l'[pOCTpaHCTBEHHO-HeOHHOPOIIHOﬁ
JIOMUHECHCHIIUH B PAaCTBOPAaX aHTPAXUHOHA

OCHOBHOE COZIep)KaHHE HCCIICOBAHMS COCTABISIET aHAIM3 IPOLIECCOB, NPUBOAALIMX K HEOJHOPOIHOW IO
HPOCTPAHCTBY W BPEMEHM JIOMHMHECHEHIMH (K TaK Ha3bIBACMBIM JIIOMHUHECIUPYIOIIMM IPOCTPAHCTBEHHO-
BPEMEHHBIM CTPYKTYpaM), HaOrrogaeMoi B BUHAUMOI 00:1acTh (A= 490 HM) nipu yisTpaduonerosom (YD)
00JIyueHUN aHTPAXMHOHA B HACBIIICHHBIX KHCIOPOJOM PAcTBOpax M B MOJMMEPHBIX MaTpuuax. DKCHepH-
MEHTaJIbHO PErucTpUpyeMasi JIIOMUHECLICHIS MPUITICHIBACTCS (OTONPOAYKTY: KETHIBHOMY paauKaly aH-
TPaxMHOHA, Ybsi KOHLICHTPAIMSA B X0/I€ MHUIMHUPYeMbIX Y® u3inyueHreM GOTOXUMHYECKHUX peaKLuid nepuo-
JUYEeCKH BO3pacTaeT M YOBIBaeT B PA3IMYHBIX W Pa3pO3HEHHBIX TOYKAX PEAKI[MOHHOTO IIPOCTPAHCTBA.
B pabore o6ocHOBaHA 3HAYMMOCTH PEAKIMU TYIICHUS TPHUIUICTHBIX COCTOSIHUM MOJIEKYJ aHTPaxXHHOHA KH-
ciopogoM O,( 32;), 00CyXJIecHa BO3MOXKHOCTh T€HEpallul CHUHIJIETHOTO KUCIOPOJIa Oz(lAg) Ha OOJBIINX

PacCTOSIHUSX OT PEaKIUOHHOTO IIEHTpPa BCIEACTBHE IIEPEHOCa DIEKTPOHHO-KOJIe0aTeIbHOI0 BO30OYKICHUS Ha
MOJIEKYITy PacTBOPHTENSI M HOAYEPKHYTA CYIIECTBEHHAs! POJIb CEHCHOMIM3UPOBAHHOTO CHHIJICTHOTO KHCIIO-
poxa B mepepacmpe/ielieHIH KOHIIEHTpAIuii peareHToB 1 QoTtonpoaykroB. [Ipemioskena Moaenb BOSHUKHO-
BEHMSI M Pa3BUTHUS NIPOCTPAHCTBEHHO-HEOJHOPOJHON JIIOMUHECIIEHIINK PACTBOPOB aHTPAXMHOHA, BKIIFOYAO-
mas GpoToceHCHOMITU3UPOBaHHOE 00pa30BaHME CHHIVIETHOIO KHCIoponaa M JU(GQy3HI0 KUCIOPOIHBIX KOM-
IJIEKCOB € MOJIEKYJIaMH pacTBOpuUTels. [J1aBHOE JOCTOMHCTBO IpeularaeMoi MOJEIH, YUUTBIBAIOIIEH BO3-
HUKHOBEHHE U NPUCYTCTBHE MMEHHO CHHIJIETHOT'O KHCIOPOIa Oz(lAg), — BO3MOXHOCTb HE TOJBKO 00BsC-
HHUTb 9KCHEPUMEHTAJIbHO HaOmonaemble 3(Q(EKTsl BO3HMKHOBEHHS M Pa3BUTHS IPOCTPAHCTBEHHO-
BPEMEHHBIX CTPYKTYP, HO M HPEJICKa3aTh YCIOBHS M3MEHEHHMs, XapaKTep MOBEICHUS HadaJbHOU CTaJlH MX
pa3BHUTHS ¥ KOHEUHBIH pe3ynbrar. O0cyxkaaemMas B paboTe 3aBHCUMOCTh ()eHOMEHA OT KOHIIEHTpAIlUH pac-
TBOPEHHOTO KHCJIOPOa MOKET HAHTH NPHUMEHEHHE B CEHCOPHBIX IPUIIOKEHUSX.

Kniouesvie cnosa: mOMHHECUEHIMSI, aHTPAXUHOH, CHHITIETHBI KHCIOPOA, IPOCTPAaHCTBEHHO-BPEMEHHBIC
CTPYKTYPBI, KUCIIOPOJHbIE KOMIIIEKCHI.

Hamamu npogheccopa K.C. Axvinbaesa
nOCesAUaemcsi.

B OTKpBITBIX cucTeMax, JAaJeKHMX OT PAaBHOBECHS, IIOCTOSHHO OOMEHHUBAIOIIMXCA SHeprueit
C OKpYXarolei cpeaod, BO3HUKAIOT 3((EKTh KOOMEPAaTHBHOTO CaMOCOTJIACOBAHMS, MPOSBIISIOLINECS
B BUJI€ BO3HUKHOBEHUS YIOPSIIOUYEHHBIX CTPYKTYp U3 HeynopsipoueHHbIX [1]. Iupora Bo3mMoxkHOrO npume-
HEHHS TAKUX CTPYKTYp OOBSCHIET HEUCCAKAEMBbI HHTEpEC K MpodiieMaM UX 00pa3oBaHUs B CaMbIX pa3iiny-
HBIX TI0 CBOEH MPUPOJE CUCTEMAaX — COLHAIbHBIX, YKOHOMUYECKHUX, OMOJIOTMYECKHX, (PU3NUECKUX, XUMUYe-
CKHX.

HaGmonenuto mpoctpancTBeHHO-BpeMeHHBIX CTpYKTyp ([IBC) B Xumudeckux cucTeMax IMOCBSIICHO
3HAYUTENILHOE KOJMYECTBO paboT, Hanpumep [2—8]. IIpu 3ToM OONBIIMHCTBO CXeM, OMPEEISIOMNX IpoLec-
Chl BO3HMKHOBEHMs pasnuyHoro poxaa IIBC, mpenmnonaratoT MHOIOCTaJUHHOCTh M COJEPKAT XUMHUECKHE
peaKluy, B X0/JIe KOTOPBIX OJHH BEIIECTBA T€HEPUPYIOT JIIOMUHECLUPYIOIUM IPOLYKT, IPyrue — UHIHOU-
pytot ero nosiBinenue. KommnoneHtsl, o0ycnoBnuBatomue obpasoBanue [IBC, MoryT comepxarbcsi B BUAE
HCXOJIHBIX BEIIECTB B PACTBOPax JINOO MOSBIATHCS Kak (DOTOMPOIYKTHI B XOJI€ PEaKIIHA.

Bo3HUKHOBEHHE HEONHOPOIHONH B TPOCTPAHCTBE W BPEMEHM JIIOMHMHECHEHIMHM HAOII0IAIOCh
pH yasTpadruoaeToBoM 00ydeHUH aHTPAXWHOHA B PsiJie JKUIKUX PACTBOPOB M B MOJMMEPHBIX MaTpUIax
[8—12]. osiBnenne IIBC B 3THX pacTBOpax COMpOBOXKAAETCS 00pa3oBaHHMEM JIOMHUHECHHpYIomeEro (horo-
IIpoAYyKTa (MPEenNoIoKUTENBHO, KETUIBHOIO pafuKajia aHTPAXHMHOHA), KOHIIEHTpalus KOTOPOro B X0Je XU-
MHYECKHX PEAKIMi NePHOIMYECKH BO3pAcTaeT U yOBIBAET B PA3IMYHBIX U PAa3pPO3HEHHBIX TOUKAX PEaKIMOH-
HOT'O IPOCTPAHCTBA. DBOJIIOLIMIO CTPYKTYP XapaKTEpU3YIOT TPH 3Tana pa3BUTHS: WHAYKLHWOHHBIN NMEPUON,
«ObIcTpas» u «MmemieHHas» cragud. [Ipoueccs! 3Bomonun [IBC B 3THX cucTeMax SBISIOTCS MEIJICHHBIMH, a
camu 00pa3yromyecs JIIOMUHECIUPYIOIINE CTPYKTYPhl HIMEIOT MAaKPOCKOIIMYECKHE pa3Mephl, YTO MPEICTaB-
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nsieTcsl yIOOHBIM C TOUKH 3PEHHS SKCIIEPUMEHTABHOTO U3y4YeHusl. bpiio u3ydeHo BiusiHEE HA 00pa3oBaHKe
u pazurtue [1BC Takux (akTopoB, Kak HHTEHCUBHOCTD ¥ JUTHTENLHOCTh YD 00IyUeHHs; KpaTKOBPEMEHHOE
(B Teuenue 2—5 MUH) NIpepbIBaHHE O0TyUEHHS, CBUICTEILCTBYIOIIEE O HATMYUK dPdeKTa MaMsITH O MpeJIbIc-
TOPUU Pa3BUTHS CTPYKTYP; KOHIIGHTPAIUS MOJICKYJI aHTPAXWHOHA; TUI PAaCTBOPUTEIIS; TOJIIIMHA O0ydae-
MOTO CIIOS; TpaHuIa pasnena ¢as; ckopocTh moroka pactBopa [8—13]. [lokazaHo, 4TO HEOOXOAUMBIM YCIIO-
BueM oOpazoBanus [IBC B peaknusx, BKIIOYAIOIUX (HOTOXUMHUUECKUE CTAHH, SBISETCS IPUCYTCTBUE pac-
TBOpeHHOTo Kuciopona [6—11]. Tak, npu YD-o0myueHnn 00ECKHCIOPOKEHHBIX PACTBOPOB aHTPAaXMHOHA
Pa3NIUYHON KOHLIEHTpALWHU NMpakTuiecku cpazy (menee 0,1 ¢) peructpupyercst OJHOPOAHAS MO IPOCTPAHCT-
BY ¥ BPEMEHH JIFOMUHECIICHIIHS IT0 BCEMY XOJIy Jla3epHOro Jiyda 0e3 nanbHeiimero oopazosanus [1BC; npu
3TOM WHTEHCHBHOCTH CBEUEHHS BO3pACTaeT Ha 1—-2 mopsiaka M0 CPaBHEHHUIO C JTIOMHUHECLIEHITUEN BO3IyX0OHA-
CBHIIICHHBIX PAacTBOPOB B 3aBUCHUMOCTH OT KOHLEHTpauuu cencubmwimszaropa [8,9]. Kpome Toro,
B 00JyuaeMoll ynbTpadroneToM 30He BO3IyXOHACHIINIEHHBIX PACTBOPOB aHTPAXWHOHA CKAYKOOOPa3HO MOSIB-
JISTFOTCSL YYACTKH C MEXaHU3MOM TPEBPALICHUIA, XapaKTePHBIX IJIS 1€adpPUPOBAHHBIX PACTBOPOB.

CxemMa MHOTOCTaJIMIHOTO MPOLIECcCa, BKIIOYAIOLIETO PaJUKAIbHBIE PEaKIHUU C PACTBOPEHHBIM KHCIO-
POAOM sl CIUPTOBBIX PacTBOPOB aHTPAXUHOHA, MpUBecHA B [9]. B cOOTBETCTBUM C ATON CXEMOIl OTBETCT-
BEHHBIH 32 TIOMUHECLIEHITUIO KETHIIbHBIM palnKaji aHTpaxuHOHA 00pa3yeTcs B pEaKIusaxX

3A; + RCH,0H — AH* 4+ RCHOH"; N
RCHOH* + A, — AH" 4+ RCH =0 )
W MHTHOUPYETCS B XOZIC PEaKIuit
AH® + 0, — A, + HO3; (3)
AH® + AH®* — AH, + 'A,. 4)
3neck Ay v *4, — cooTBETCTBEHHO CHHIIIETHOE W TPUIUIETHOE COCTOSHUS aHTpaxuHoHa; RCH,OH —

cupT; AH® — KeTUIbHBIN pauKa aHTpaXHHOHA (JIFoMUHecHupyroluii potonponykr); RCHOH® — paju-
kan coupra; HO,” — ruaponepokciibHblii pamukar; RCH=0 — anpaerus (B ciydae H30IMpPOINAHONA —
aneToH); AH, — ruapoxuHOHHas (HopMa aHTpaXHHOHA.

Cornacuo Tepenuny, peakuusimu pamukana AH' ¢ HO," ¢ mepokcHIHBIM (MIEPEKUCHBIM) PaJuKaIOM
OH
/

crupra RCH\ U ero pekoMOuHarmeii ¢ pagukainom ciupra RCHOH® MoxHO mpeHeOpeds Mo cpaBHe-
0-o0°
HHIO ¢ ObIcTpOit peakimeit AH® ¢ O, (peakuus 3) [14].
B necnmpToBeix pactBopax (C¢Hs, CCls) oOpazoBanue doronpoaykra, HaOIOAAEMOE B SKCIIEPUMEH-
Tax, B BUJC KETHWIBHBIX paJuKaioB aHTpaxuHOHa AH' mo cxeme oTpbiBa aroma BOAOPOIA OT MOJICKYIIBI

CIIHPTa U MPHCOCIMHEHHE ero K MOJIKyJIe aHTPaXHHOHA HeBO3MOXKHO. KermnbHbiil pagukan AH® B takux
pacTBOpUTENSIX 00pa3yeTcs [0 HHON cxXeMme:

AL+ 'Ap — AH* + A %)
AH* + AH® — AH, + 'A,; (6)
3A; + AH, — AH" + AH". (7

[TepBruHBIM (HPOTOXMMHUUECKUM ITIPOIIECCOM B 3TOM Ciydae SBJISETCS B3aUMOJCHCTBHE BO30YXKICHHON
MOJICKYJIbI @aHTPaXMHOHA C HEBO30YKICHHOM, YTO MPUBOAUT K 00pa30BaHUIO KETWIbHOTO paaukaia AH® u
pajuKana aHTpaxuHoHa A°, 00pa3yrolierocs B pe3yiibTaTe OTpbiBa aTOMa BOJOPO/IA OT MOJIEKYJIbI aHTPaXH-
HOHA. AHAJIOTWYHBIC PEaKIMU ObUIH YCTAHOBIJICHBI I OeH30()eHOHa C OEH30JI0M U apOMAaTHYECKUMHU yTIIe-
BOJOPOJIHBIMU PacTBOPUTEISIME [15, 16].

CornacHo yKa3aHHOM cXeMe, MOJIEKYJbl KHCIOPOAa CIIOCOOHBI Je3aKTHBUPOBATH BO30YKICHHBIE TPH-
IJIETHBIE MOJIEKYJIBI AaHTPAXUHOHA, MEePEBOAA NX B 0cHOBHOE cocTosiHue. A.H. Tepenun [14] yka3siBaeT Ha
3TO, HO B TIIPUBEIEHHOIN UM CXeMe peakluil B pacTBOpax aHTPaXWHOHA B U30IPOIIAHONE B IIPUCYTCTBUU KU-
CJIOPOJA PEAKLUIO TYLIEHHs TPUIUIETHOTO aHTPAXUHOHA KUCIOpoAoM He 3anuckiBaeT. O.B. 3unbkoBckas [6]
MpU U3y4YEeHUH (POTOPACCIOCHHUS B pacTBOpaxX aKpUAMHA MPUBOAMUT TAKYIO PEaKIHIo, HO HE PacCMaTpPHUBAET e
MIpH aHaJu3e mpoiieccoB odpasoBanus u pazsutusa [IBC. B [8] oTmeuaeTcst 3HaUMMOCTh Tpoliecca TYIIEHUS
KHCJIOPOOM TPUIUIETHBIX COCTOSIHUN aHTPaxXMHOHA, HO HE YKa3bIBA€TCs, KAKOM KHCIOPOA MOJIyyaeTcs B pe-
3yNnbTaTe J1€3aKTHBALMN TPHUIUIET-TPUILIETHON Mapbl. Mexay TeM u3BecTHO [17], 4yTo mpu TyIIEHWH TpH-
IJIETHOTO COCTOSTHUS KpacHTENEN B pacTBOpax FeHEPUPYETCs MIMEHHO CUHTJIETHBIN KHCIOPO. Oz(lAg), pH-
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YeM JUIS TIOJIABJISIFOIIET0 OOJBITMHCTBA CEHCHOMIN3aTOPOB MPAKTUIECKH Ka)/1asi MOJIEKYJIa KPacUTEIs Tpr
TYIIEHUH TeHEPUPYET MOJIEKYJIy CHHIJIIETHOTO KHUCIOPO/Ia.

[IpuBenenHas B [9] COBOKYMHOCTh peaklyii, B OTJIHYKE OT MPEICTABIEHHBIX paHee, He UCKITI0YaeT yJa-
CTUE CUHTJIETHOTO KUCIOPO/a, KOTOPBIM MOKET T€HEPUPOBATHCS B XOJI€ PEAKIIUU

AL+ 20, > TAp+ 10, ®)
Y B JaibHEHIIIeM B3aUMOICHCTBOBATD C paiuKalaMH B peakinu (3) U peakiuu
OH
RCHOH*+ 0, — RCH< )
0-0°

[IpunnnuansHas 0cOOEHHOCTH peakuuy (§) 3aKiIoyaeTcsl B TOM, YTO B PACTBOPE B pe3yJIbTaTe mpoTe-
KaHHA 3TOTO Tpoliecca 00pazyeTcss UMEHHO CHHIJIETHBIM Kuciaopo. [Ipu ydacTuu CHHTIIETHOTO KMCIOpOaa
peaxuu (3) u (9) cTaHOBSTCS pa3pelIeHHBIMH 10 CIIMHY U JIOJDKHBI IpoTeKaTh Oojiee 3(h(eKTHBHO ¢ BO30Y-
JKJICHHOW 4acTHUIIEeH, KOeW ABJsieTCA Oz(lAg), 10 CPaBHEHUIO C PEaKIMeil B3aMMOAEHCTBUS C TPUILIETHBIM
(uHepTHBIM) KHcnoponoM O,(CZ o)

W3BecTHO, YTO IUIsI MHOTHUX PAaCTBOPUTENEH (BKJIFOYAsh METUJIOBHIM M W3OMPOITMIOBEIA CIUPTHI) TPHU-
IUIETHOE COCTOSIHUE HKCIIEPUMEHTAJIBHO He 00HapyxeHo. llpeanonaraercs, 4To OHO SBISIETCS OTTAIKUBAIO-
MM ¥ MOKET HE MPOSBIISATHCS B CIIEKTpaxX MOTIIOMIEHHU U n3ydeHus. Tem He MeHee, Ha HUX MOXKET Iepe-
JTaBaThCS SHEPTHUS BHYTPU JBOMHBIX WM TPOIHBIX KOMIUIEKCOB, coiepKaiux kuciaopon [18].

Ecnu cymecTBoBaHre KHCIOPOAHBIX KOMIUIEKCOB C HEBO30YXIEHHBIM PACTBOPHUTENIEM SIBIISIETCSA B Ha-
cTosiee BpeMsi HeocriopuMbIM dakToM (pabotel A.Il.JIoceBa u ap., HCTUTYT aTOMHOW M MOJIEKYJISIPHOM
¢u3uku, r. MUHCK), TO MPEIIONIOKEHHEe O CYNIECTBOBAHWU KOMIUIEKCOB C TPHUILIETHBIM PACTBOPHTEINIEM,
BO3HHMKAIOIIMX B PacTBOpax B MPOILECCe MEPEHOCa DHEPTHH, SIBISETCS HEOOXOAMMBIM JIOMYILEHHEM, TT03BO-
JISTFOIIIIM MHTEPIIPETHPOBATH IKCIIEPUMEHTAILHBIC (DAKTHI.

Bo3HukHOBEHHE MaJOyCTONYMBBIX KOMIUIEKCOB — TPUILIETHAS MOJIEKYJIa METUIIOBOTO CIIUPTa U TPH-
TUIeTHAsE MOJIEKYJIa KHCJIOPOa, CHHITIETHBIN KUCIOPOJ U METHJIOBBIM CIIUPT B OCHOBHOM COCTOSIHUM — OT-
Meuanocs B [18]. B aToit paGoTe M3y4anuch H3MEHEHHUs 3aMpeleHHOro H3TydaTenbHoro T 1—'Sy nepexoma B
KOMILJIEKCE KHCIOPOA—CIUPT M 3aBHCUMOCTD Pa3InYHBIX MHIYLIUPOBAHHBIX B MPOIECCE CTOIKHOBEHUH H3-
Jy4aTeNbHBIX MEPEXOA0B OT TEOMETPUH CTOIKHOBEHHs napTHepoB. B [18] obcyxnaeTcs BO3SMOKHOCTD TI€-
peHOCa PHEPTUH K TPUIUIETHOMY COCTOSIHUAIO PACTBOPUTENS OT TPHUILIETHOT'O CEHCHOMIN3aTOPa, CBA3aHHOTO
B KOMIUIEKCE C CHHTJIETHBIM KHCIIOPOJOM. Takue KOMIUIEKCHl MOTYT BO3HHKATh B PE3YJIbTATE BTOPUYHBIX
peaximit. Ha epBoii cTamm MOIeKy/Ia CeHCHOMIH3aTOpa 'S) HOITIOMAET HEPIHIO U HEPEXOIUT B BO30YXK-
JIEHHOE TPHILIETHOE COocTosHME ~T1. [Tp MOBTOPHOM CTOJIKHOBEHHH TPUILIETHAS MOJIEKYIIa CeHCHOMIH3ATO-
pa oOpa3yeT KOMILUIEKC ¢ CHHTIIETHON MOJIEKYJIOH KHCIOpo/a:

h
1S, — 3Ty (10)

T+ 0, (1ag) — 3( Ty 0, ( 1Ag)) (11)

Y B JaJbHeHIIeM TaKoil KOMILIEKC MOXKET JIe3aKTHBUPOBATHCS, NIEpeaBasi SHEprui0 MoJiekyie M pacTBopH-
TeJIs TI0 CXeMe

3( T, 0, ( 1Ag)) (TMo+02) 3( 150 0,( %57)) + [ 2y . 055 (12)

D heKTHBHOCTD CrusHUS T -OZ(IAg) obcyxanack B padore [19], a Ha BO3SMOXXHOCTH CYIIIECTBOBAHHUS
OTHOCHUTEIHHO YCTOWYHMBBIX KHCIOPOIHBIX KOMILIEKCOB PACTBOPUTENEH YKa3bIBAIOT 3KCIIEPUMEHTATHHBIC
nanHbie [20], 0OBACHUTH KOTOPhIE HEBO3MOXKHO 0e3 NMpu3HaHUs JaHHOTO (akTa. CyliecTBOBaHHE KOMILICK-
COB JJIEKTPOHHO- M KOJIe0aTeIbHO BO30YKICHHOTO PACTBOPHUTEINS C KHCIOPOJIOM 3aBEJIOMO OTBEPraTh HEllb-
3s1. Ha mpojiomKuTeNnbHOE BpeMsl CYIIECTBOBAHUS CTPYKTYP C BO30YKJIEHHBIM KOJEOATEIIBHBIM COCTOSHUEM
ykasbiBan A.U. bypmreitn [21].

Takum 00pazoMm, HeNlb3sl UCKITIOYHTh, YTO, HAPSTY ¢ BOBHUKHOBEHHEM CHHTIIETHOTO KUCIOPOJa B IPO-
IIecce TYIICHUsS TPUILIETHBIX COCTOSHUHN aHTPAXWHOHA TPUILIETHBIM KACIOPOOM, BO3MOXKHA PEaKIHs mepe-
HOCa SHEPTUH, B XOJE KOTOPOH KOHTAKTHBIM KUCIOPOIHBIH KOMILIEKC PACTBOPUTEIS IOTIIONIACT SHEPTHIO
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(maxe ecim SHEPTHS ero 00pa30BaHUs paBHA HYJIO) U TIEPEXOJUT B BO30YXKICHHOE COCTOSIHUE C MOCIIEAYIO-
IIMM [IEPEHOCOM DPHEPTHH Ha PACTBOPUTENb.

Ms1 nojaraem, 9TO MMEHHO JajbHEHmIas Je3aKTHUBAIMs TPUIUIETHOTO COCTOSIHHS PAcTBOPHUTENS IO
cxXeme

P3MY)" .. 0,(357)] A [ M ... 05( 1A,)] (13)

MO3BOJISIET OOBSICHUTH TEHEPAIMIO CUHTIIETHOTO KHCIIOpPOJa Yepe3 ONpe/IelIeHHBIH MPOMEKYTOK BPEMEHU B
HOBBIX TOYKaX MaKpPOCKOITMYECKOTO PEaKIMOHHOTO MPOCTPAHCTBA PACTBOPA M €ro BIMSHUE Ha (popMHupoBa-
nue [1BC. Bpems KM3HU CHHTIIETHOTO KHCIIOPO/a B KHJKUX PACTBOPAX MOXET COCTABIATh OT HECKOIBKHUX
€/IMHUII IO HECKOJIBKUX JIECATKOB MUKpOceKyHI [18]. 3a 310 BpeMs BO30YK/ICHHbIE COCTOSIHUSI PACTBOPHTE-
JISt MOTYT OCYIIIECTBUTH COTHH CTOJKHOBEHHI 1 TIPEOJIOJIETh B pacTBOpPE, B mporiecce nudy3uu, 10CTaTOUHO
0OJIBININE PACCTOSHUS (IECATKU, COTHA aHTCTPEM).

Ecnu ydecTh peakiuu, MpUBOISIINE K BOBHUKHOBEHHIO KETHIHHOTO paJIiKana B HECIIMPTOBBIX PaCTBO-
pax aHTpaXHMHOHA, M PEAKIMH, B Pe3yJbTaTe KOTOPHIX KOHIIEHTpAIMU aHTpaxuHoHa U AH® m3MeHstoTCS M
3aBUCAT OT KOHIIEHTPAIMU KHUCIOPOJa B PACTBOPE, TO KHHETHYECKAs CXeMa, OMMCHIBAIOINIAS MPOIECCH BO3-
HukHOBeHMs 1 pa3BuTws [IBC, MoxkeT OBITh 3amricaHa CIEAYIONUM 00pa3oM:

h
Ay — *Aq; (14)
A; — 1Ay (15)
A+ 0,(32g) s 1A + 0,( 1Ay); (16)

af
(381 +0,( M) + M) nnnms P(1Ag + 0,(35) + M) Ahnne

OH
nffm( "Ag + 0,( 'Ag) + "Mp) mans AHS + RCH< ; (17)
0-0°
A+ 1A, ELLIVTI A%; (18)
/kG—>AH2 + 1A,
AH" + AH'—{ g ; (19)
— 5 HA— AH
3A, + AH, BNV I AH*; (20)
AH* + 0, LN 1A, + HOY; 1)
HO3 + 0,( 'Ag) — HO3™ + 0,( *%3); (22)
A, + RCH,OH 90, AHe 4+ RCHOH"; (23)
RCHOH® + A, — AH* + RCH = 0; (24)
OH
RCHOH" + %0, — RCH< — RCH = 0 + HO3; (25)
0-0°
OH
RCH< + HO3 — RCH = 0 + H,0, + 0y; (26)
0-0°
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OH

2RCH< — 2RCOOH + H,0,; (27)
0-0°
2HO5 — H,0, + 30, (28)

rne HA-AH — q)OTom/IHaKOH;]M() u’Mm ; — COOTBETCTBEHHO HEBO30YXIEHHAsi U BO30YKIEHHAST MOJIEKYIIbI
cnupta; RCH=0 — anpaerun (B ciiydae M30IPONAHONIa — aueToH); Af — Bpems. YKa3aHHbIe KOHCTaHTHI
CKOpOCTe#i peaKIuii HMEIoT ciieayomme 3Hadenns: ke=10" M'c” [18], k=10° M'c™ [9], ks =10° M'¢c”! [18]
(ompenensiercs auddysueii kucnopona u ks —0 mpu [0,]0 [9]), kip =3-10° M'c”! [18], ks<<k; wks+ke ~
~10° M'c¢' [9].

PaccmarpuBaemast cxema, B OTIHUHE OT IPENIOKEHHBIX paHee [9, 14], nonmonraeHa peakiwsivu (16-20, 22).
Cpenu HUX KITIOYEBOHM peakiiieid, Mo3BOJIIoNIel mporao3upoBarh nossieHue [IBC B pacTBopax aHTpaxu-
HOHA, Ha HaIll B3I, sBIseTcs peakius (17), Bkirodaronias B ce0sl Kak TIEPEHOC YHEPTHU, TaK U XHUMHYC-
CKHE B3aUMOJCUCTBUS.

CoBokynHOCTh peakiuii (14—28) MoxHO pa30oUTh Ha TpU XapaKTepHbIE CTaauM (TPYIMIIBI), TIO3BOJIAIO-
e Ha KaYeCTBEHHOM YpPOBHE IMPOAHAIM3UPOBATh MosBIeHHE U pa3BuTve [IBC B ciupTOBEIX pacTBOpax
AHTPAXMHOHA B 3aBHCHMOCTH OT COOTHOLICHHUS HAYaTbHBIX KOHIIEHTPAIMH aHTPAXHHOHA ' Ay M CHHITIETHOTO
KHCIIOpoaa '0,.

Cmaous 1: peaxyuu (14—17). B xone peakuuii (14—16) npu HenpepbiBHOM YD 0CBEIIEHNH CITUPTOBBIX
PacTBOPOB aHTPaXWHOHA HAKAILIMBACTCS CUHTJICTHBIN KUCIOPOJ Oz(lAg) 710 TIOJTHOTO MCYE3HOBEHHS PACTBO-
PEHHOTO TPUILUIETHOTO KUCIOpOoaa Oz(lZg’), KOHIIEHTpAIHs KOTOPOTO B PACTBOPE MOXKET COCTABIISTh, B 3aBH-
CHMOCTH OT Ha4albHBIX yCIOBHI 3KcriepumMenta, 10°+107 Mo/,

Peakuus (17) cBuneTenscTByeT 00 y4acTHH TPUILUIETHBIX MOJIEKYJI paCTBOPUTENS B TPOLIECCax TUCCHU-
nanuu 3Heprun. [lockonbKy niepepacrpeieiieHue SHEPTUU BHYTPH KOMILIEKCa IMTPOUCXOHUT Topaszio ObicTpee
MPOTEKAHUSI XUMUYECKUX PEaKIUH, TO BEPOSITHOCTh 00pa30BaHUSI KOMILIEKCA, BKITFOYAIOIIETO TPUILIETHOE

OH
/

COCTOSTHHE PacTBOPHUTEJISI, BhIIIIE BEPOSTHOCTH 00Opa30BaHMsI MEPEKUCHOTO pajinKaia RCH\ (peaxmyn

0-0°
17,23,25). IlepekucHblil pagukai cnupTa oOpaszyercst cmycTs BpeMs At, o0ycioBieHHoe auddys3ueii Takoro
KOMIIJIEKCa B PaCcTBOPE, MPUBOSIICH K MepepacipeieNeHUIo JIOMUHECUPYIOUIETO (OTOPOAYKTA.

IMocTynmupys 3TOT mpomecc, Mbl (PaKTHIECKH BO3BpAIaeMcs K MOJIEIH MOJIb-OKCHAA, TPeUI0KEHHON
B 1935 r. lllenGeprom, pazsuroii lllenkom u nomonHeHHoM nneeit Kayrckoro o6 oKucieHHH MOJNEKYI Kpa-
CUTEJel CHHIJIETHBIM KHCIOPOAOM, C TOW JIMIIb MPUHLIUIHAIBHON pa3HHLEH, 4yTo B nporecce nuddy3nun He
CHHIVIETHBII KHCIIOPOJ [IPE0I0JIeBAET 3HAUUTEIbHbBIE PACCTOAHUS (Iopsiika 1—-5 HM), a TPUIICTHAs! MOJIEKY-
7a pacTBOpHTENs "M, KOTOpasi, CBA3BIBASCH C MOJIEKYJIOi TPUILIETHOTO KHCIOPOa B MPOIECCE CTONKHOBE-
HUSL, 00pa3yeT ci1a0blii KOMILIEKC 3M1...Oz(32g_), HasbiBaeMbIi 1lleHOeproM Mob-OKcHIOM. B nanbHefiem
3TOT KOMIUIEKC MOKET TUOO0 pacmanathes, TeHepUpys paluKaibl CIUpTa, TUO0 1e3aKTUBHPOBATHCS, TEHEPH-
Pys BHOBb CHHTJIETHBIA KHCJIOPOJ HA 3HAYUTEIHHOM PACCTOSHHUU OT TPHUILIETHONW MOJIEKYJIBI CEHCHOMIHN3a-
Topa. He uckiroueHa mepeaadya sHEPrur BO30YKICHUS OT OIHOW MOJIEKYJIBI paCTBOPUTENSI APYroil B KOM-
meKce cronkHoBeHus "M, ... O,( %, ) IO DKCUTOHHOMY MEXaHU3MY.

OO0pa3oBaBIINICS CUHIJIETHBIA KHCIOPO/ B JTAJIIbHEHIIEM YJacTBYET B IpoLeccaX OKUCICHUS (MOJENb
Kaytckoro). Eciu koHIEHTpanys aHTpaxMHOHA B PacTBOPE Ha MOPSAAOK U 0oJiee MpeBhILIaeT KOHIECHTPALUIO
PacTBOPEHHOT'O KMCIIOPOJa, TO JaXKe MOcie MepeJaynd S3HEPTUN KaXI0M MOJIEKyJIe TPUIUIETHOTO KHCIOpoaa
OT BO30Y)KJIEHHBIX MOJIEKYJ] aHTpPaXUHOHA B PACTBOPE OCTAHETCs 3HAYUTENIbHOE KOJIUYECTBO TPUILIETHOTO
ceHcuOmMIM3aropa. IMEHHO Ha 3TOM OCHOBAaHWU peakiued (16) MOKHO MpeHeOpeysb B cliyyae MallbIX KOH-
neHTpanuii pactBopenHoro kucuopona (10~ —107 Mons/i) u B ciydae GONMBIIMX KOHIEHTPAIHMil aHTPAXMHO-
Ha (10°-10"* mMoms/m).

Vuert peakiuu (17) B kuneTHdeckoit cxeme oopazoBanus [IBC B pacTBopax mo3BoIsIET OOBICHUTE IKC-
MEPUMEHTAIBHO HA0II0AaeMOe MOPOroBOe 3HAYCHNE HHTEHCUBHOCTH SHEPTrUH Bo30yxkaeHus [6, 7, 9], Hibke
KOTOPOTO (PUKCUPYETCSl OAHOPOIHAS IO MPOCTPAHCTBY U BPEMEHHM cliabast JTIOMUHECLICHIINSI pacTBOPOB 0e3
obpazoBanus [IBC. TTo-BuguMomy, He CIIydailHO 3TO 3HAUEHUE YHEPTUH COBIAJIAET C dHEPruei, HeoOXoau-
MO JUTS BO3OY>KIeHHMs KoMILiekca (CA, ...Oz(lAg))E( 02(3Eg"). M.

36 BecTHuk KaparaHauHckoro yHvusepcuTeTa



¢OTOC€HCM6VIJ'IVI3VIpOBaHHbIl7I CUHINETHbIV KUCNopoa. ..

Cmaous 2: peaxyuu (18-20). Ha mocnenyromux cTamusx Mporiecca TeHEPUPYIOTCS JTFOMUHECITUPYIO-
it poronpoaykr AH®, pagukan anTpaxuHoHa A°, 00pa3yromuiics B pe3ysibTaTe OTpbIBa aTOMa BOJOPOAa
OT MOJIEKYJIbl aHTPaXUHOHA, U THIPOXUHOHHAs popma aHTpaxuHoHa AH,. Ha sTom stame B kaxxaom mocie-
ayronieM ukie u3 Tpex peakuuit (18-20) 3a Bpemsi, paBHOE BpeMEHH >KU3HH KOMILIEKCOB [3M1...02(3Zg7)]
i ['M.. .Oz(lAg)], MIPOUCXOMUT JalIbHEHIIee YMEeHbIIEeHHe KOJINYeCTBa TPUILIETHOTO aHTPaXUHOHA U HAKOII-
JeHue nepBudHOro (hotorpoaykra AH'.

B wactHOCTH, TPOCTOM pacyeT MOKa3bIBAET, YTO MPHU KOHLIEHTPAIIUSAX aHTPAXWHOHA U KUCIOPOJa COOT-
BerctenHo [A]=10" u [‘0,]=10* moms/n B pesympraTe peakumii (14—17) obpasyerca ['O,]=107
['Ao]=10"* Momb/n u octaercs [*A,]=8:10™ mons/n1. B nponecce peakuuii (18-20) reHepHpyIOTCs paHKabl
AH’, KOHIIEHTpaIHsI KOTOPBIX paBHA

[AH =10 (1+Ya+Yat. . . +Vh),

rJie n — KOJIHMYECTBO ITUKJIOB peakumii (18—20). BripakeHue B ckoOKax MpeacTaBisieT co0oi reoMeTpude-
CKYIO TIPOTPECCHI0, CyMMa WIEHOB KOTOPOW Tpu n—oo paBHa 2. CrnemoBarenbHO, TIOCIE MPOTEKaHUS peak-
it (14-20) KOHIEHTpalUU CTaHYT CIICAYIOIUMHU: A]=6-10"; [AH']=2-10" [A*]=10"*; [AH,]=10";
OH
['A]=107", ['0,]=107, [’0,]=0 u RCH< =10" moub/m.
0o-0°
VYuer 3x30TepMudeckoi peakiuu (20) npu ycIOBUH, YTO KOHCTaHTa CKOPOCTH PEKOMOWHAIINY JIBYX pa-
mukanoB AH'(19) Belie, 4eM KOHCTaHTa CKOPOCTH MX oOpasoBaHus (ketke >k;), HO3BOJISET MOHATH MOCTE-
TICHHOE yMEHBIICHHE KOHLEHTPALMH A, U MHTEHCHBHOE HAKOIUICHHE TEIUIa MO XOJAy JIa3epHOro Jyua.
B skcrieprMeHTe 3TO IPUBOIUT K BEITUIECKY JTIOMUHECIIMPYFOIIEro MPOAYKTa U3 JAHHOU JIOKAJILHOW 00J1acTH
B HANpaBJICHUH, TEPIICHAUKYISIPHOM K MEPBUYHONW JFOMHUHECIUPYIONIEH 30HE, U PACCIOCHHIO TOCIICAHEH
noJ| BiusiHEeM g dy3un U rpaaueHta Temmepatyp [10, puc. 1].
Cmaous 3: peaxyuu (21-28). Kiaccuueckass KUHETHUECKash cxema o0pa3oBaHusi (HOTONPOIYKTa
B CITUPTOBBIX PacTBOpax aHTpaxWHOHA [14] He MO3BOJIIET HAPAIMBAThL KOHIICHTPAIIUIO KACIOPOJa OTHOCH-
TEJIbHO UCXONHOU. [IprBeneHHas Bblllle COBOKYITHOCTh PEAKLUN 3TON TPYMIBI CBUAETENBCTBYET O TOM, YTO
KHCJIOPOJ] MOKET BOCCTAaHOBHUTHCS B peakiusax (26) u (28). Bmecte ¢ Tem, camo oOpa3oBaHHE MCXOIHOTO
MIEPOKCHUTHOTO PaiuKaia, SBISIONIET0Cs HCTOYHUKOM pereHepalny Kucioposia B (26), yxxe TpedyeT B3auMo-
NEeNCTBUS KUCIOpOia U pajuKana cupta (25, mepBas yacTh peakuun). B pesynbraTe k€ BO3MOKHOM PEKOM-
OuHanuu aByx paaukaioB HO,® (28) mopoxmaercs JHIb 0HAa MOJICKYJIa KHCIopoaa. TakuM oOpa3oMm, uc-
XOJHasi KOHIIEHTpAIHs KUCIOPOaa MOXKET TOJIBKO yObIBaTh. [IpuHuMas Bo BHUMaHue peakiuto (17), MOxKHO
OOBSICHUTh MCYE3HOBEHHE TEPBOHAYAIBHO PAaCTBOPEHHOTO KHCIOPOJa 02(325) B PacTBOpPE U TEHEpaIHIO
OH

MTPOMEXKYTOYHOTO TPOAYKTa RCH< , Ubsl KOHIICHTpAIIHsI OKaXKETCS PAaBHOW MCXOJIHOW KOHIIEHTPALIUU
0-0°

PacTBOPEHHOTO KHCIOPO/IA.

B mporiecce pasiokeHus 3TOTO paaukana (BTopas 4acTh peakiuu 25) reHepupyrorcst paaukaist HO,
C MocIenyomuM obpa3oBanieM kuciopoaa (28). Haxe eciam MpeanonokuThb, YTO CKOPOCTh PEaKIUH pas-
JIO’KEHUS IEPOKCUIHOTO paguKaia CIupTa BO MHOTO pa3 MPEBBIIIAET CKOPOCTh IPYTHX PEAKIIH C y4acTHEM
3TOr0 MPOMEKYTOUYHOTO MPOYKTa, TO MOJHOE ero pasnoxeHue creHepupyer HO, B konuuecTBe, HEe MPEBbI-

OH
IIAFOIIEeM KOHIIEHTPAIIO UCXOTHOTO RCH< WM, 4TO TO K€, KOHLIEHTPALXIO UCXOIHOTO PACTBOPEH-
0-0°
HOTO KHCJIOPOJa, ¥, COTJIACHO peaknuu (28), KOHIIEHTpalrs BHOBb 00pa30BaBIIETroCs KACIOPoaa OyAeT Kak
MUHUMYM BJIBO€ MEHBIIIE UCXOIHOM.

Vuer peaknuit (21) u (27) mo3BoOIsI€T CIIPOTHO3UPOBATh YMEHbIIIEHHE KOHIIEHTPALUH PACTBOPEHHOTO
KHCIIOpOJIa TOYTH B 6 pa3, B TO BpeMs KaK KOHIICHTpAIUsl aHTPaXWHOHA B KaXJOM ITUKJIEC YMEHBIIAeTCs
mumib B 3 pa3za. [Ipu 3ToM MOHMKEHHE KOHIICHTPAIMKA KUCIOPoa 3a c4eT (POTOXMMUYESCKUX PEaKIHid Mpo-
HCXOJUT OBICTpee, YeM BhIpAaBHHBAaHUE KOHIICHTPAIHMIA 3a cUeT MU y3un B CIIOE U TPAHCIIOPTE KUCIOPOia B
pacTBOp yepe3 TpaHMIly pas3zesia pacTBOp — ra3. B MOMEHT, Korjja KOHIIEHTpaIus CHHIJIIETHOTO KUCIOpoaa
B JaHHOM JIOKaJILHOW o0nacTu craHoBUTCS paBHOH Hymo, [IBC B paccmarpuBaemoii o6acTu ucue3aroT, U
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MPOMCXOJUT CKAYKOOOPa3HBI Mepexo]l K MEXaHU3My HpeBpalleHUi, XapakTepHOMY AJISl A€adPUPOBAHHBIX
pPacTBOpPOB.

B nanbHeiieM, B Xo/le BTOPOTO 3Tama, CTapT KOTOPOTO HAYMHAETCS C HOBBIX YMEHBIIEHHBIX KOHIIEH-
Tpaumii Ag 1 O,, HO B npucyTtcTBUM AH,, Bech npornecc BozHuKHOBeHM U pazButus [IBC nosropsercs. Ilo-
CKOIIbKY B Ka)KJIOM M3 3THX 3TanoB HaOmoaeTcst KojnebaHue KOHIIEHTPAUH KUCIopoaa U GoTonpoIyKTa, TO
WHTEHCUBHOCTD JIIOMUHECTICHIIUN 1 (hopMa JIOKATBHBIX 30H OyTyT H3MEHSThCSL.

TTocne HECKONBKUX MPOAOJKUTEIBHBIX ATAOB, B XO/€ KOTOPHIX AHTPAXUHOH [IAO] U KUCJIOPOX [302]
BOCCTAHABIIUBAIOTCS B MEHBIIINX KOJUYECTBAX 110 CPABHEHUIO C TPEIBIAYIIIIM ITAIlOM, aHTPAXWHOH TaK Ke,
KaK ¥ KHCJIOpoJ mocTenenHo mcuesaet (['Aq],—0 u [0,],—0). DKCrepuMeHTaIbHO B pe3yibTaTe Mpoio-
XKUTENBHOTO (3—5 4., B 3aBUCHMOCTH OT TOJIIIMHBI 0Opasia) Y@ obiyueHus pacTBOpa HabIrOmaeTCs «cpa-
CTaHME» Pa3pPO3HEHHBIX MEIKUX JIOMHUHECIIUPYIONINX 30H, U TI0 BCEMY X0y JIa3epHOT0 Jy4da perucTpUpyeT-
Cs1 OTHOPOHAS JIFOMUHECIICHIIS.

Bcnenctue Toro, 4To CKOPOCTh YMEHBILIEHUS! KOHIIEHTpaMK Kuciaopoaa [O,] Beille CKOPOCTH YMEHbB-
LIIEHHs] KOHIIGHTPAINK aHTpaxuHOHa ['Ag] 1 ckopocTn 1udGyHINPOBAHHS KACIOPOIA U3 BHEIIHEH Cpeibl, B
IpoLecce BOZHUKHOBEHU U pa3BuThs [IBC peanusyrores cienyromue 4eTbIpe CUTyalny.

1. Jleaspuposannwiti pacmeop. OtcyrcTBue peaknuii (16, 17, 21, 22, 25-28) u oOpazoBaHHUE JTFOMUHEC-
upyroiero gotonpoaykra AH® B pesynbrare peakmmit (18, 20, 23, 24) 00bsICHSIET SKCIIEPUMEHTAIBHO Ha-
omonaemoe npu Y P-001ydeHnn 00€CKUCIOPOKEHHBIX PACTBOPOB MPAKTHUECKH MIHOBEHHOE BO3HHKHOBE-
HUE OJHOPOJHOW MO MPOCTPAHCTBY M BPEMEHHU 3€JICHOH JIOMUHECIICHIINH, MPUIHCHIBAEMON KETUIHHOMY
panukany aHTpaxuHoHa, 0e3 oOpaszoBanus IIBC [8, 9]. IIporekanue peaknuu (19) doroBoccraHOBICHUS
KETOHA /10 THIPOXUHOHHON (POPMBI MPUBOIUT K JECTPYKIMH KETHIFHOTO paJnKaia, CONPOBOXKIAIOIICHCS Ha
ombiTe 00ECIIBEUYMBAHUEM JIIUTENBHO O0y4aeMoro pactBopa W jedopMaryell CIeKTPOB IOTJIOMICHUS U
JTOMHUHECTICHITHH [9, puc. 3.9].

2. Konyenmpayus monexyn Kuciopooa 6 pacmeope MHO20 Menble KOHyeHmpayuu anmpaxurnona. Mo-
JIEKYJT KUCIIOPOJIa HACTOIBKO Mo, YTO TpeodiafatoT yeinoBus npeapiymero ciay4das (1, [0,]=0). [IBC 6y-
YT HaONIOIAThCS TOJBKO B TOM CITydae, eClId MOJIEKYJI KUCIIOPOJia OKaXeTCs JOCTATOYHO, YTOOBI OCYIIECT-
BWJICS XOTs1 OBl OJJMH 3Tall, COCTOSIIIUI U3 HECKOJBKUX LIMKJIOB, MOCIE KOTOPOro KOHIEHTpPALUs KUCIOpoaa
CTaHeT MEHbIIE HACTOJBKO, YTO €ro OyIeT HeIOCTATOYHO AJISl OCYILECTBICHHS O4epenHoro srama. iMeHHo
3THM MOXHO OOBSICHUTH IKCIEPUMEHTAILHO HAOIOaeMOe Pe3Koe COKpalleHHe MHIYKIIMOHHOTO Mepruoja
Bo3HHKHOBeHHA [IBC npu yMeHbIIeHHH KOHLIEHTPALMK PACTBOPEHHOIO KUCIIOPOJa U HAJIMYUE ITOPOTOBOM
KOHIIEHTpalK Kuciopoa, Hke kotopoit [IBC ne mabmogarores [8, 9, 11].

3. Konyenmpayus pacmeopeHHo20 KUCIOpoOa COUSMEpPUMA U He3HAYUMENbHO MeHblle KOHYeHmpa-
yuu aumpaxurona. B stom cinydae 40 % TpPUIUIETHBIX MOJIEKYJI aHTPaXWHOHA M3PACXOJYETCS Ha MEPBBIX
IBYX crausax (peaximn 14—17, 18-20) u obpasyercst 30% AH®, xucnopon «Beiroput»: [20,]=0, a KoHIIeH-
Tparwys IEPOKCUIHBIX PaJIMKAJIOB CIIHPTAa CTAHET PaBHON HAYAJLHOW KOHIIEHTPAIUH TPUILUIETHOTO KUCIIOPO-
na. Peakruu (21) u (22) B 3TOM CiTydae MOKHO UCKJTFOUUTh U3 KHHETHYECKOW CXEMBI TaK K€, KaK U MEPBYIO
vacTh peakuuu (25). Bropas gacts (25) mact cOOTBETCTBYIOLIYIO KOHIIEHTpaluio paaukanos [HO,' ], koTo-
pbie B nanbHeiimeM (28) crenepupyiot “O, ¢ KOHIEHTPALMEH, B 6 pa3 MeHbIIei KOHIEHTPALMHI TIPeJIbLIyIIe-
ro stana. Ocrasiuecs 60 % TPUTUIETHBIX MOJIEKYJI aHTPaXHHOHA yYacTBYIOT B peakuusx (23, 24). Cymect-
BEHHBIM SIBJISIETCS TO, YTO B Tmporiecce peakimu (17) renepupyercs He TobKo otonpoaykt AH®, HO u me-

OH
POKCHIHBIM pajyKall cliupTa RCH< , KOHI[EHTPAIHs KOTOpOro cocrapiser 10 Moms/n. MMerHO pas-

0-0°
JIOKEHUE 3TOr0 coequHEHUs (peakuus 28) oOecrneynBaeT pereHepanmio MmycTh Aa)Ke HEe3HAUYUTEeIBHOTO KO-
JTMYECTBA MOJIEKYJ MCUE3HYBIIEro Kuciopoaa (~10° Monb/) u mosBieHre MHHMMAIBHOTO KOJIMYECTBA pa-
aukana HO,® (peakuuu 25, 26, 28). D10 npuBOAUT K HapacTaHuio koHueHTpauun HO," B mporiecce peakiuu
(21), TompkoO Temeph BKIIOUMBIIEHCS B mporiecc. IIpocThie BBIYHCIECHUS MOKA3bIBAIOT, YTO B JallbHEUIIIEM
nuk u3 peakiuit (19, 21, 28) mo3BoaUT HapacTUTh KOHICHTpAIHio [Aq]~ [AH,] 1 KOHIIEHTpaITHO KUCIOPO-
na [O,] no 3HaueHunit

[AO]Ha‘l ~ 3 [OZ]Haq ~ 6

b

[AO]KOHE"—l [OZ]KOHE'-I
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BrocnencTBum HadHETCS BTOPOU 3Tal, CTapT KOTOPOTO PEATU3YETCs C HOBBIX, YMEHBIIICHHBIX KOHIICH-
Tpatmii Ag u O, HO B mpucyrctBun AH,, duro mo3Bosiser, ucxonda u3 peakuu (20), MOTYyYUTH
[AH"]=2[AH,], Becbh mporiecc MOBTOPHUTCSL.

[TockonbKy B KaXIOM M3 3TUX IUKIOB MPOUCXOJUT KOJeOaHue KOHIIEHTPAIUH KUCIOpoia U (GOTOIpo-
IyKTa, TO JIFOMHHECITUPYIOIKE 007JacTh OYIyT MOSIBISTHCS B Hayalle KaKIOTO IUKIA M MCUe3aTh K KOHILY
IIUKJIa, 9TOOBI BHOBB IMOSIBUTHCS B HAYAJIE CIICAYIOMIET0. MHIyKITMOHHBIN TEpHO] B 3TOM ciiy4ae OymeT o0y-
CJIOBJIEH HE TOJBKO HMHTEHCHUBHOCTBHIO JIa3epHOTro u3nmy4deHus [9, 12] u HakoIlJIeHHEeM paJHuKalloB CIHUpTa

OH
/

RCHOH®, HO ¥ HaKOIUICHHEM IEPEKUCHBIX PaJHKaIOB RCH\ U TEpBOHAYaIbHOM KOHLIEHTpaluen

0-0°
AH" (peakuus 17).

PasBuTHE JTIIOMUHECIIMPYIOIINX 30H CBsi3aHO ¢ HakoruieHneM AH' B xome peakmuu (23), a ux coxpaHe-
HUE JTUMUTHpYeTca OAHON u3 peakuuid (21, 25-28). [locie mpoaomKUTENFHOIO BPEMEHH, BKIIOYAIOIIETO
HECKOJIBKO OOJIBIITUX 3TAIOB, KOHIEHTPAIUS CHHTJIETHOTO KUCIOpoAa (Kak W TPUILIETHOTO) CTPEMHUTCS K
HYJIIO, U IPOLIECC MPOTEKAET KaK BBIIIE PACCMOTPEHHBIN MpenenbHbIi ciydaii 2 (koraa[O,]<<[Ay]).

O4eBHUIHO, YTO MPHU CHIKCHUU WHTEHCHBHOCTH JIA3€PHOTO O0JTydeHUSI WHAYKIIMOHHBIN TIEpHUOJT BpeMe-
uu Bo3HuKHOBeHUA [IBC pactet [12], mockonbKy 4eM MeHbIIee KOITNYeCTBO KBAHTOB CBETA TOTJIOIIEHO pac-
TBOPOM, TeM MEHbIIIE 0Opa3yeTcsi TPHUILIETHBIX MOJIEKYJ aHTPAXMHOHA A, CIIEIOBATENBHO, TEM MEHBIIE
CHHIJIETHOTO KHcyopoaa. [103ToMy cKOpocTh peakimu 00pa3oBaHus epBuaHOro (orompoaykra AH® u me-
pokcuaHoro paaukana crupra (17) ynager. Konrenrparms ketuiipHOro pamvkana AH® B enquHuily BpeMeHH
COKpATHUTCS, YTO MPUBEIET K CHIXKEHHIO SIPKOCTH TIEPBUYHON JTIOMUHECHMPYIOUIEH 30HBI. AHAIOTHYHOE
YMEHBIIIEHUE SPKOCTH MEPBUYHOHN JIFOMUHECITUPYIOIICH 30HBI MPOU30MICT U MPU YMEHBIICHUH KOHIICHTpa-
MK ' Ay, UTO COTTIACYETCS C KCIIEPUMEHTOM. 3aTeM MepBHUHAs 30HA J0JDKHA OyJIeT pa3pacTaThCs B Pe3yilb-
TaTe MHUIMUPOBaHMs peakuuii (23-28). [ToCKOIBKY Iepeaua SHEpPruu oT A, K 02(32{) IIPOUCXOJHUT 32
Bpems nopsaaka 10107 ¢, To Bpems npoTexanus peakimii (23—28) T0HKHO GBITH MHOIO GOIIBIIE, YeM Bpe-
Ms TIpoTeKaHus peakiuit (14—17).

4. Konyenmpayusi MOJEKYI KUCI0poOa npeobiadaem HA0 KOHYeHmpayuel aHmpaxuhona. 31ech, B 3a-
BHCHUMOCTH OT MCXOJHOHN KOHIICHTPAIMU MOJICKYJ aHTPaXWHOHA B PacTBOPE, BO3MOXHBI JIBA abTEPHATHB-
HBIX BapHUaHTa:

a) nacviuyennvle pacmeopvi anmpaxunona, [A] > 3-107 mons/n. B pesynsrarte peaximii (14—17) BbI-
ropaeT BeCh TPUIUIETHBINM aHTpaxuHOH. KonnuecTBo obGpasoBasiuerocs ¢oromnpoaykra AH® Gyner paBHO
TIepPBOHAYATBHON KOHIIGHTPAIMH TPUILICTHBIX MONEKY1 “A;. OTCYyTCTBHE TPHILIETHOTO AHTPAXHHOHA U
M3JIMIIEK KUCIOPO/ia MPUBEAYT K MHUIIMUPOBAHUIO peakumii (21, 22, 25 (BTopas yacts), 27, 28). Peakuun
(18, 20, 23-25 (mepBast 4acTh)) OyIyT 3aTOPMOKEHBL. DTO MPHUBEAET K MOCTEIIEHHOMY YMEHBIIICHHUIO KOH-
uenTpaumii 'Ay 1 O, 10 TeX IOp, MOKa TOTyYeHHAs B MOCICYIOIIEM IIUK/IEe KOHIIEHTPAIs KUCIOPOaa He
CpaBHSETCS C KOHIIEHTpauueil aHTpaxuHoHa. Jlanee mporecc OyneT pa3BUBaThCS MO cxeMe ciaydas 3 (Ko-
ra[O,]<[Aq] mmu [O,]=[Ay]). B Teuenue Bcero atoro nepuona oyayt Habmogarecs [IBC ¢ paznuunbiM pac-
MpeeNiecHueM HMHTEHCHBHOCTH W ()OPMBI IO BCeMy 00IydaeMomy MpocTpaHcTBy. [lpu nmanbHeimem Y®-
obnyuennu [IBC ncueszaror u oOpaszyercs eauHasi, paBHOMEPHO JIOMHHECIMPYIOIIas 001acTh, YTO CBHUJE-
TENbCTBYET 00 YMEHBLUICHWH KOHLEHTPALMH MOJIEKYJ KMCIOpPOJa B PEaKIMOHHOW 30HE ¢ OOJblLIeH CKOpO-
CTBIO, YEM YMEHBILICHHE KOHLEHTPALMU MOJIEKYN aHTpaxuHOHA. Ilocie mmrensHOro Bo3aeicTeus Y@ us-
Jy4deHUs] Ha PacTBOP JIIOMUHECIICHIINS CcUYe3aeT U He TIOSBISIETCSI IPH TOBTOPHOM OOJTYUCHUH, YTO YKa3bIBa-
€T Ha TMOJIHOE PacXOJOBaHHE HCXOJHOIO CEHCHOMIM3aTOpa, MOATBEP)KIAEMOE SKCIEPUMEHTALHBIMU JIaH-
HBIMU [9], QUKCHPYIOIIUMU JECTPYKITUIO POTOMPOIYKTA;

6) HUKOKOHYEHMPUPOBAHHbLE PACMEopbl anmpaxunond, [Ay]<3-10” Monb/1. B 3ToM ciydae MoeKyi
aHTpaxWHOHA OyJeT HEJAOCTATOYHO ISl MPOXOXKACHHS JIaXKe OJHOIO IMepruoja M BU3YyaIbHO OyJeT HaOIo-
JaThesl c1abo TIIOMUHECIIMPYIONIAs 30HA TI0 BCEMY X0y J1a3epHOro jiyda 6e3 odpasosanus [IBC [8, 9, 12].

W3BecTHO, YTO WHTEHCHUBHOCTH JIIOMUHECHEHIIMH CHHIJIETHOTO KHCIIOpOJa B aleTOHE OYeHb Maia.
B BoJe TakyIo JIIOMUHECIICHIINIO HAOIIOIaTh He yaaeTcs [22], B CBSI3U C TEM, UTO SHEPTHUsi BO30YKaeHUs ObI-
CTPO pacceuBacTCs Ha KojiebaTeabHble MOIbI pacTBOopuTels [23]. IHTEHCUBHOCTD JTFOMUHECIICHIIMN CHHI-
JIETHOTO KUCJIOPOJA B YETHIPEXXJIOPUCTOM YTJIEpOJe MaKCUMaJbHa MO CPABHEHHUIO C APYTHMMHU PAaCTBOPHUTE-
nsmu. [lo-BuguMoMy, STHM MOXXHO OOBSCHUTH OTCYTCTBHE Bu3yanbHoro HabOmojeHust [IBC B pacTtBopax
aHTpaXMHOHA B allETOHE U YETHIPEXXIOPUCTOM YTIIEPOJIE.
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st pacTBOpOB aHTpaxWHOHA B OEH30JI€ (M TOYOJIe) TOPOTOBOTO 3HAUEHUS YHEPTUU BO30OYKIACHHUS Jia-
. T -1
3epOoM, BEPOSATHO, OyaeT JoctaTtodHo s oopasoBanus AH': E geom= 3,06 €V (29510 cm™) [24], HO u3my-
yaTeNnbHas JIe3aKTHBAIMS CHHTIICTHOTO KUCIIOpO/Ia

(‘Ao...' 02CZ))..° M) maare(PA... O2('Ay)... ' M) =('Ag... 0,CE,).... Mo)+hv, (29)

BO MHOTO pa3 ObIcTpee, YeM ero B3auMoJieiicTBre ¢ OeH3010M (M — MoJeKysa pacTBOPHUTEINS, B JAHHOW pe-
Ak — MoJIeKyIa 6eH3ona). BeneacTeue 3Toro pacnpocTpaHeHre IIOMUHECITUPYIONIEH 30HbI B ITyOb pac-
TBOpa He HabmogaeTcsi. Bo3aMOXXHO, UTO AJIsl 3TUX pacTBOPHUTENICH BTOpas M TpeThs cTaauu 3somouuu [1BC
MorIM Obl HAOMIOJATLCS B MPUCYTCTBUH KaTAIHM3aTOPOB, YCKOPSIOMIUX PEAKITHIO 1Oz(lAg)vLM, WM B o0Jiac-
TSAX pacTBOpa, TJe CHHTJIETHBIA KUCIOpOJ OyIeT yaep:KuBaThes (HampuMep, Ha TPaHUIle pas3jena TBepoe
TEIO—KHUAKOCTh). DTUM U MOKHO OOBSCHHUTD MOSBJICHHE JIIOMUHECLMPYIOIINX 30H U Ha IOBEPXHOCTH IIH-
JUHJPA, 3aKPEIUICHHOTO B KIOBETE C PACTBOPOM aHTpaxWHOHA B OeH3o0Jie (TONyosie), M Ha TPaHHIEe MOBEPX-
HOCTH CTEKII0O—pacTBOp. [10CKONBKY BasKHBIM SIBJISIETCSl HAIMYME CaMOM MOBEPXHOCTH pasiena ¢as, a He
XAMUYECKUH COCTaB TBEPAOTO Tela, TO ATO OOBSICHSIET He3aBUCUMOCTh HaOIoaaeMoro 3¢ dekra oT cocrtaBa
WHOPOIHOTO Tella B pacTBopax O6eH3ona u Tomyona [9,10].

IIpoBenieHHBIN HA OCHOBE JIUTEPATYPHBIX U SKCIIEPUMEHTAIBHBIX JaHHBIX KAYeCTBEHHBIN aHAIIN3 MeXa-
HU3Ma 00pa30BaHUsl HEOAHOPOHON JFOMUHECIICHIIMN 00Iy4aeMbIX YIbTpaduoIeTOM pacTBOPOB aHTPaXH-
HOHA TI03BOJIMII 000CHOBATh:

— 3HAYUMOCTb PEaKIIH TYIIEHHUs BO30YXIECHHBIX COCTOSIHUH aHTpaXWHOHA KHCIOPOJOM, B XOJI€ KOTO-
POt TeHepUPYEeTCsl CHHIIIETHBIN KHUCIOPO;

— BO3MOXKHOCTh 00Opa30BaHUsi CHHIJIETHOTO KUCIIOPOJa Ha OONBINUX PACCTOSHHSX OT PEAKIIMOHHOTO
IIEHTpa BCIIEJCTBUE IMEPEHOCa dIIEKTPOHHO-KO0Ie0aTeTbHOTO BO30YK/ICHHSI Ha MOJICKYITY PacCTBOPUTEIIS;

— CYILIECTBEHHOE BIMSHIE CHHIJIETHOTO KHCIOPOAa Ha TyIIEHHE JTIOMUHECIEHIINN (POTOIPOAYKTA.

Takum 00pa3oM, 00pa3oBaHKE CHHIJICTHOI'O KHCIIOPOa Oz(lAg), a takxe nuddy3uss CHHTIETHOTO KU-
CJIOpOJIa W/WIIA KUCIIOPOJHBIX KOMIUIEKCOB, KOTOPBIE 3aTeM T'€HEPUPYIOT CHHIJIETHBIN KHCIOPOJ B pasiuy-
HBIX TOYKaX PEaKIMOHHOTO MPOCTPAHCTBA, ONPEACIISIIOT MOSABJICHNUE M Pa3BUTHE HEOAHOPOIHOHN JIFOMUHEC-
LEHIINH B CIUPTOBBIX PAacTBOpaxX aHTpPaxWUHOHA. /{711 OKOHYATENFHOTO MOATBEPKIEHUS MPAaBUILHOCTH BBI-
CKa3aHHBIX TPENNOJI0KEHUI HEOOXOIUMO TPOBEJCHHE KBAHTOBO-XUMHUYECKUX PACUYETOB, TIO3BOJISIONINX HA
nU(ppPOBOM MaTepualie OTPa3UTh COOTHOILIEHHE KOHCTAHT CKOPOCTEH OTAENbHBIX PEaKLIUi.

XapakrepHas ocobeHHOCTh moMuHecuupyromux [IBC, oGcyxnaemas B paboTe, — 3aBHCUMOCTD
OT HAIWYMS U KOHIIEHTPAIMK PACTBOPEHHOTO KHCIOPOAa — MOXKET HalTH MpUMEHEHHe B CEHCOPHBIX MpHU-
JIOKCHHUSX.
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C.I'. Kapunxkas

AHTpPaxXWHOH epTiHailepiHae KeHicTiK 0oibIHIIA OipTEeKTi emec
JIIOMMHECHEHIIMSIHBIH M2 00/ybIHA 7KIHEe 03repiciHe KAPBIK dCepiHeH
TYBIHAAUTHIH CUHIJIET OTTEri MeH OTTerl KelmeHaepAiH bIKIAJbI

OtrTeriMeH KaHBIKTBIPBUIFAH CpPTigiIepiHIeri HeMece MOJMMEp MaTPULACHIHAAFBl  aHTPUXHHOHFA
YIBTPAKYJITiH HYPHIMEH 9Cep €TKECH/E MAaKCUMYMBI A= 490 HM TOJIKBIH Y3bIH/BIFbI COHKEC KEIETiH YaKbIT
JKOHE KCHICTIK OOWBIHIIA OIPTEKTI eMec IIOMHUHECHCHIMSHBIH Maiga OoJyblHa OKENeTiH (DH3HKAaIbIK
yZepicrep TangaHFaH. DKCIICPUMEHT JKY31H/E yaKbIT XoHe KeHIiCTik OOMbIHIIA OipTeKTi eMec (OTOXUMUSIIBIK
JFOMUHECLICHIUSI KYObUIBICHI KEHICTIKTIH SpTYpIi eHipiepinae Oipece KylueieTinairi, bipece ancipedtinairi
OaiikanraH. AHTPaXHHOHHBIH TPHIUIET KYHiHAErT MOJICKYJIAChIHBIH MOJEKyNalblK oTTeriMeH Os( 32; )

ocepiiecyi OapbICBIHIA CHHIVIET KYHIHIEri OTTEriHiH Oz(lAg) maiira  OONATHIHIBIFBl  TAJIAHBIIL,
MOJIEKYJIanapaa 3eKTPOHIBIK TepOesic HOTIKECIHIE OoJlap allbiC KALIBIKTBIKKA Tapajay MYMKIiHAIr Typajbl
OoipkaM KacajFaH. YJIBTPAKyJIriH HYpPBIHBIH OCEPIHEH CHHIVIET KyiiHzaeri orreri maipa OoJbim, maiina
OosrFaH OTTEri MOJICKYJIACBIMEH epTiHi MOJEKYJIaChIHBIH KEIIeHI aJlbIC KAUIBIKTHIKKA A dy3usiaybl
MYMKiHZiriHe xyrinred. OTTeriHiH CHHIIIET KYHiHAe maiina 00ay MYMKIHIIT apKbUIbl KEHICTIK JKOHE YaKbIT
OoiipiHma OoibIHIIA OIPTEKTI eMecC JIOMUHECHEHIUSHBIH TYCIHAIpIN KOoHMaif, »Xammbl (OTOXMMUSIIBIK
PEaKIMsHBIH JKYPY OarbITHI Typaslbl OoIpkKayra MYMKIHIIK Oepeni. JKyMbIc TYXKBIPBIMIAPBIH CE3Till TETIKTep
KYpacThIpy YIIIiH naiaananyra 60JaThIHABIFBL TYPabl KOPBITBIH/IBI KAaCAJFaH.

Kinm coe30ep: moMuHecueHINs, aHTPaXWHOH, CHHIJICT KYHIHIETi OTTeri, KeHICTIK-yaKbIT OOMBIHIIA OipTeKTi
€MeC KYPBUIbIM, OTTEI' KOMILICKCI.
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S.G. Karitskaya

Photosensitized singlet oxygen and oxygen complexes
in the occurrence and change of spatially
inhomogeneous luminescence in solutions of anthraquinone

The purpose of the present work is an analysis of the processes leading to inhomogeneous in space and time
luminescence (the so-called luminescent spatial and temporal structures), which is observed in the visible re-
gion (A= 490 nm) with ultraviolet (UV) radiation of anthraquinone in oxygenated solutions and polymer
matrices. Experimentally recorded luminescence is attributed to the photoproduct: ketil radical of
anthraquinone, the concentration of which in the course of photochemical reactions initiated by UV radiation
periodically increases and decreases in different and isolated points of the reaction space. In the paper the im-

portance of the quenching reaction of triplet states of anthraquinone molecules with oxygen O, ( 3Zg) was

justified, the possibility of generating of singlet oxygen 02(1Ag) at large distances from the reaction center
due to the transfer of vibronic excitation to the solvent molecule was discussed and the significant role of sen-
sitized singlet oxygen in the redistribution of concentrations of reagents and photoproducts was emphasized.
A model was proposed for the emergence and development of the spatially inhomogeneous luminescence of
anthraquinone solutions, including photosensitized formation of singlet oxygen and diffusion of the oxygen
complexes with solvent molecules. The main advantage of the proposed model, which takes into account the
occurrence and presence of singlet 02(1Ag) oxygen, is in the opportunity not only to explain the experimental-
ly observed effects of the emergence and development of spatial-temporal structures, but also to predict the
conditions of change, the nature of the behavior of the initial stage of their development and the final result.
The discussed in the work dependence of the phenomenon on the concentration of dissolved oxygen can be
used in sensory applications.

Keywords: luminescence, anthraquinone, singlet oxygen, spatial temporal structures, oxygen complexes.
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HccaenoBanue B3aHMOI[eﬁCTBHﬂ MaKpPOMOJICKYJ NMOJYIIPOBOAHUKOBBIX
MOJIMMEPOB 1 HHAHUHOBOI'O KPaCUTEIHA

B cratbe npezacraBieHsl pe3yabTaThl SKCIEPUMEHTAIBHOIO U KBAHTOBO-XUMHUYECKOI0 UCCIIEI0BAHUSA KOMIIO-
3UTa HAa OCHOBE (DOTOIPOBOJIMIETO MOJMMEpAa M LIUAHHHOBOTO KpacUTENs. DKCIHEPHMEHTAIBHO H3yYEHBI
CIIEKTPHI TIOTJIONIEHHUS U (IIyOpPEeCIeHIUH KpacHuTelssl. Pe3ynbraTel MOKa3aid, YTO CIIEKTPHI IIHaHUHOBOTO
KpacuTels B MOJIMMEPHOH MaTpuie 6aTOXPOMHO CIIBUHYTHI OTHOCHTENBHO CIIEKTPOB IOTJIOIIEHHS U (iyo-
PECIIEHIINN KPacuTels B PacTBOpe. YIIHUPEHUE CIEKTPOB KPAacHTENs, a Takke MX CABUT CBA3aHbI ¢ Ooiee
IUIOTHOW YNAaKOBKOM MOJIEKYJ B TBEPbIX IJIEHKaX. B pe3ynbrare CHilbl MEXMOJIEKYJISIPHOTO B3aUMOJIEHCT-
BUSI MOJIEKYJT KpacHTENsl YBEIMYMBAIOTCA, YTO TPOSIBISIETCS B TOHIKCHHH OSHEPIUH NIEKTPOHHO-
BO30Y)XZIEHHOTO COCTOSIHUSI Kpacutens. [locpeacTBOM KOMIUIEKCHOTO aHalM3a CHEKTPATBHBIX TaHHBIX
U KBaHTOBO-XUMHYECKHX PAcUeTOB CIPOrHO3MPOBAHBI HanboIee ONTHMalIbHAS KOH(QHUTYpaIs U ONTHIECKUE
CBoOlfcTBa MOJIEKyYJT Kpacutelst i noauMmepa. OGHapyxeHo, 9To Hauboee ONTUMAIBHOM SIBIISICTCS] KOH(pOpMa-
IS «COHJIBUY» C PACCTOSHMEM MEKy B3aMMOJIEHCTBYIONMMU MOJIEKYJIaMH, paBHbIM 2,2-2,4 A. Pacuerst
HOKa3aJIi, YTO B KOMIUIEKCAX IIHAHUHOBOTO KPACUTEJIS M (OTOMPOBOASIIETO MOJIUMEpa MPOUCKOUT JENI0Ka-
JM3aysA 3JIEKTPOHHOH IIOTHOCTH, a TaKkXkKe H3MEHEeHHe IMIONBPHOTO MOMeHTa mnepexona. Ilpum stom
HaOJTIo/1aeTCs MOHIDKEHHE YHEPTHUHU Tepexona Sy-S; U yBeNnYeHHe MHTEHCUBHOCTH KOPOTKOBOJHOBOTO ITO-
TJIOLIEHHUS, KOTOPOE NMPOIOPIMOHAIBHO CHIIE OCLMILIATOpA nepexona. KoadduuuneHt Bkiaga MoJeKyISpHBIX
opouraneit HOMO-LUMO B uccnenyeMbIx KOMIUIEKCAaX JOCTaTOYHO BENHK. [1oiydeHHBIe pe3ysbTaThl MO-
T'YT OBITH UCTIOJIB30BAHBI IS CO3/IaHUSI CHCTEM C IIPOTHO3UPYEMBIMU CBOHCTBAMHU.

Kniouesvie cnosa: IMUaHWH, CIICKTPAJIbHO-TIOMUHCCICHTHBLIC CBOﬁCTBa, NOJIMMEpP, MAaKpOMOJICKYJia MOoJIMMeEpa,
KBAaHTOBO-XUMHYECKUE PACUCTHI.

HenaBuuii nmporpecc B pa3paboTke MOJMMEPHBIX COJHEYHBIX 3JEMEHTOB YIy4yiini 3(QeKTuBHOCTD
npeobpazoBanus dHepruu ¢ 3 % 1o nmoutu 9 % [1]. DT conHEYHbIe AIEMEHThl HMEIOT YHUKAIBHBIC Iep-
CHEKTHBBI JJIs1 AOCTHKEHUS] HEIOPOrOl COJTHEYHOH 3HEpruu Ojarogapsi CBOMM MaTepHalibHBIM M IIPOU3BO/-
CTBEHHBIM IIpenmMyIecTsaM [1, 2]. B cpaBHeHuM ¢ ycTpoicTBaMu, OCHOBaHHBIMU Ha KPEMHHUEBOM TEXHOJIO-
T'HH, TIOJIMMEPHBIE COJHEYHBIC OaTapew JIeTKH, JOCTYIHBI, HEIOPOTH B MPOU3BOJCTBE, TMOKH, OKa3bIBAIOT
HE3HAUUTEJIbHOE BIMSHUE HAa OKPYXKAIOLIYIO CPelly, OJHAKO UX SHEPIeTUUECKUM BBIXOJ €]1Ba JOCTUraeT OJ-
HOW 4YeTBEpTH OOBIYHBIX KPEMHHUEBBIX cOoMHeuHbIX Oarapeii [3]. KIIJ] moimMepHBIX COMHEYHBIX 3JIEMEHTOB
00ycIoBJIeH HU3KOH (P (PEeKTHBHOCTHIO TeHepauy CBOOOIHBIX HOCHTEIICH 3apsI0B MPH HOTJIOMEHUN KBaHTa
CBeTa, MaJlol JTMHOW M y3UH SKCUTOHOB, a TaKKe HEONTUMAIILHON pa3HOCTHIO YPOBHEH DHEPTUH JIOHOPA
W akuenrtopa Hocutenel 3apsaa. Takum oOpaszom, mist 3h(HEeKTUBHONH pabOTHl OPTaHUYECKOTO COTHEYHOTO
¢dorozneMeHTa HEOOXOAMMBI CHIIFHOE TIOTIIOIIEHHE CBETa pab0unM CJI0EM, ONTHMallbHasl pa3HOCThH SHEpre-
THUYECKHUX YPOBHEH OHOpA M aKIENTOpa, J0CTaTOYHAs OABMKHOCTD JIEKTPOHOB (ABIPOK) B (ha3e aKLemnTo-
pa (1oHOpa) U OMUYECKHE KOHTAKTHI aKLENTopa (JOHOPA) C KATOJOM (aHOJOM).

B nHacrosimeit paboTe mpeAcTaBieHbl pe3yabTaThl HKCIIEPUMEHTAIBHOTO U KBAHTOBO-XUMHUYECKOTO HC-
CIIeIOBaHMS KOMITO3UTa Ha OCHOBE (POTOMPOBOJIAILETO MOJIMMEpa M [IMAaHWHOBOTO Kpacurens. [ nceneno-
BaHUs ObLIX BbIOpaHbI mosiuMepbl nojauBuHmiIkap6a3on (I1BK), nmomu-N-snokcumnpornuikap6azoi (III1K) u
kpacurenb K1 (puc. 1). JInsg u3ydeHus: CreKTpaibHO-TIOMUHECLIIEHTHBIX CBOMCTB KpacHuTelss ObLIM MOATO-
TOBJIEHBI 00pA3I[bl KPaCHTEN B 3TaHOIBHOM pacTtBope u mieHkax [IBK. Cnexrpsl mornomenus u ¢iyopec-
LEHIIMU Kpacutelnei Obuth m3Mepensl Ha criektpodoTtomerpe Cary 300 (Agilent). CriekTpsl duryopecieHInu
Obutn M3Mepensl Ha cniekTpodayopumerpe Cary Eclipse (Agilent). J{nst n3yueHus B3auMOAECHCTBHS Makpo-
MOJIEKYJI MOJMMEPOB M LUAHWHOBBIX KpacHuTeled ObUIO BBIIOJIHEHO MOAEIMPOBaHHE KOH(OpMAIMKU KOM-
IUIEKCOB «KPAacHUTENIb — IOJIMMEpPHasi MOJIEKyJa» METOJaMHU MOJIEKYJSIPHOH MEXaHHKH C IIOMOIIBIO IIpO-
rpammuoro nakera HyperChem. YcinoBruem onTrMaibHOCTH HaiiieHHON KOH(OpMAIMy CITy>KUT MUHHMAJTb-
HOE M3MEHEHHE JHEPTUM MOJIEIMPYEMOTO KOMILJIEKCA B MPOIECCE MOMCKA €ro ONTHMAalIbHOM T€OMETpPHUH.
[Tpu 5TOM ot KoH(pOpMaIHeil moapazyMeBaeTcst B3aUMHOE PACIIONIOKEHHE MOJIEKYJI B KOMITIEKcaX «Kpacu-
TeJNb — IOJIMMEPHAsi MOJIEKYJIay. PacueTsl CieKTpaibHbBIX [1apaMEeTPOB ObLIM BBIIIOJIHEHBI AJIS1 MHIUBHyallb-
HBIX COCTUHEHUI 1 KOMILIeKca «Kpacutenb — noaumep» merogoM TD DFT/B3LYP (Gaussian) amst MonieKys
[IBK, II2IIK u K1. [Ins moaenupoBanus ObI0 BEIOpaHO MOHOMEPHOE 3BEHO MOJIMMEPA, MTOCKOJIBKY paHee
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OBLIO TIOKa3aHO, YTO BKJIFOUEHHUE OOJIBIIET0 KOJMYECTBA 3BEHHEB HE MPHUBOIUT K 3aMETHOMY W3MEHEHUIO
CHEKTPAITLHBIX CBOWCTB M 3HEPTHI MOJNEeKyIspHbIX opouTaneit (MO) II3I1K [4].

| |
—{—CH—CHQ—]; c|;H2
~-H.c—CH—0—-
I[IBK TIDIIK

Pucynoxk 1. CtpykTypHbie (OpMYIBI KpaCUTEINS U MTOJTUMEPOB

Brun u3mepeHs! ciekTpsl noriouieHus u guryopecueniuu kpacurens K1 B stanone u B matpune [IBK
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Pucynox 2. Crextps! nornomenus (1) u duryopecuennmu (2, A, = 630 am) kpacurens K1

Pesynprarel u3mepenuit mokasanu, 4to crekTpbl K1 B muieHKe 0aTOXPOMHO CIBUHYTHI OTHOCHUTEIIEHO
CIIEKTPOB TOTJIOMIEHUS U (PIIyopeciieHIIny KpacuTens B pactBope (Tabi. 1). Caur MakcuMyMa MOJIO0CHI TI0-
TIIOMICHHUST COCTABIISIET 24 HM OTHOCUTENHLHO criekTpoB K1 B pacTBopax, a MakcuMyM (hIyopeclieHIIHN CIBH-
Hyncs Ha 19 Bm. CnoekTtpel Bo30OyxkaeHuss B rtuieHkax [IBK kpacutens coBmajaroT cO CIEKTpaMu

MOTJIOIIEHHS.
Tabnuma 1
CnekTpajbHble NapaMeTpbl kpacuteas K1
CriekTpbl Ml max, HM X2 max, HM D N mao BM | Amax, BM | L OTH. €. | Ay, HM
B pactBope 642 590 0,25 660 720 290 18
B nnenke IIBK 666 610 0,03 679 740 3,5 13
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[Ipu sToM nedopmanmu CHekTpa 3aperHCTPUPOBAHO HE OBLIO, YTO MOATBEPKIACT CUMMETPUYHBII
C/IBUT HE TOJIbKO MaKCHMYyMa ITOJIOCHI TOTJIONICHHS, HO I KOPOTKOBOJIHOBOTO TUIeda. B MiieHKe mponucxoauT
VIIUPEHHUE CHEKTPa MOTJIOMECHHS KPacHUTelIsl.

Brum paccuuTaHbl SHEPrHU MOJCKYJISPHBIX KOMIUICKCOB MPH W3MEHEHUHM PACCTOSTHUS MEX]y MOHO-
MEpPHBIM 3BEHOM TIOJIMMEPA ¥ MOJICKYJIOW KPACUTENsl MPH WX PA3ITUYIHOM PACIOIOKEHUH JPYT OTHOCUTEIHHO
npyra. OTU pacronoxeHus, kKoHdpopmamus 1 1 koHdopmamus 2, mokazansl Hke a1 komrmiekca [IBK-K1

(puc. 3).

a) koudopmarus 1 (E=40,91 kkay/mMoib) 0) koundopmarus 2 (E=39,45 kkan/moJn)

Pucynok 3. Ontumansasie konpurypanuu [I1BK u kpacutens K1

[Ipn onTrMHU3aIMK MOJIEKYIIBI PACTIONATAIOTCS B OAHOM U3 YKa3aHHBIX KOH(POpMAaIHid, TpeACcTaBICHHBIX
Ha pucyHke 3. Kondopmarus 2, kak BUAHO U3 JaHHBIX, SBISAETCS SHEPTETHUECKHU BBHITOAHONW. MONEKyIBl IPH
3TOM 00pa3yoT CTPYKTYPY TUIA «COHABUY». [IpH pacueTe oNTUMAILHOTO PACCTOSIHUS MEXKTY B3aHMOJICHCT-
BYIOIIMMH MOJIEKYJIaMH ITTOKa3aHO, YTO ONTHUMAallbHAs IUCTAHIUS MEXIy MOJEKyJaMH B MOJEIHPYEMbIX
KOMILIeKcax paBHa 2,2-2.4 A. [Ipu nanbHeiieM yBelIHMueHHH PACCTOSHUS YHEPIUs TAKMX KOMILIEKCOB BO3-
pacTaeT, 4To yKa3blBaeT Ha HECTAOMIBHOCTh KOMILJIEKCOB.

IIpu pacuere xommuiekcoB K1 ¢ IIDI1K Obutr mOTyYeHBI aHAIOTHYHBIE Pe3yIbTaThl. XapaKTEPHO, UYTO
1t [1911K, B cTpykType KOTOPBIX €CTh aTOMBI KHUCIIOPO1a, MOJIEKYJIIpHAs SHEPTHSI HCCIETYEMOT0 KOMITIEK-
ca THMNa «C3HABHY» MeHsble, yeM s [IBK. Oto saBnserca pe3yapTaToM TOMOIHUTENBHOTO BKIIaAa KYJIOHOB-
CKOT'O B3aUMOEUCTBHSA MEXIy Pa3HONMEHHO 3apsHKEHHBIMH aTOMaMH MOJIEKYJT KPAaCHUTEIS M TTOJIFMEpa.

Jns MonmenupoBaHUs CHEKTPaIbHBIX MAapaMeTpoB OBUIM BRIOpPaHBI KOMIUIEKCHI MOJIEKYJ Kpacutens Kl
n nonmumepa [I0I1K B xondopmanum «coHIBUY». PacdeTsl mokaszaiu, YTO y WHAMBUAYAJIBHBIX MOJIEKYJ
sneprust HOMO opoutanu I[13I1K paBHa -5,54 3B, a LUMO op6uranu -0,85 3B, 4ro cormacyercs ¢ pabo-
tamu [5, 6]. g K1 gannasie sHeprun paBHH -5,94 u -3,54 3B, cOOTBETCTBEHHO. B KOMIUIEKCE «KPaCUTEIh-
MOJIMMEPHAsT MOJIEKYJIa» MPOUCXOAUT MOHWKEHUE YHEPTUU MOJIEKYISIpHBIX opouTaneil. Tak, HOMO op6u-
Tajb pacnoiiokeHa okoio -7,59 3B, a LUMO — oxoro -5,2 3B. OnHako pazHUIa MEXAY SHEPTHAMU TaHHBIX
MOJIEKYJISIPHBIX OpOuTaliell, KOTopas W ONpeAessieT MAaKCHUMAIBHYIO UTHHY BOJHBI ITOTJIOMIEHHUS CBETa KOM-
IJIeKcoM, Kak U B cirydae K1, paBHa 2,4 3B.

Junonsnasiii MomeHT [IOIIK pasen 2,18 JI, a kpacurens — 31,98 JI. B ucciaenyemom kKomIuiekce nu-
TTOJTPHBIA MOMEHT MIMEET IIPOMEKYTOUHOE 3HaueHue, paBHoe 5,42 JI. IIocKOIBKY MUITONBHBIA MOMEHT 3aBH-
CHUT OT pacmpeieseHus dIEKTPOHHON IJIOTHOCTH W 3apsiIoB B MOJIEKYJIe, 3TO 3HAYHT, YTO B TAHHOM KOM-
IIeKce o0ecreunBacTCs CHIIBHOE B3aMMOJACHCTBHE MEXAY MOJMMEPOM M KpacHTeleM, MPUBOAALICE K yBe-
JIMYEHUIO 2JIEKTPOHHOM TUIOTHOCTH B MOJIEKYJIE ITOJIUMEPA U, COOTBETCTBEHHO, €€ YMEHBILIEHUIO HA MOJIEKY-
Jie KPacHUTesl.

YroOBl CIPOTHO3UPOBATD, KaK BIUSET TaKOE B3aHMMOJCHCTBUE Ha CIIEKTpaJbHBIE CBOWCTBA KpPacHUTENs,
OBUI MPOBE/IEH pacdeT CHEKTPaIbHBIX MapaMeTpoB Ui nHAMBUAYansHBIX Mosiekyn [IOI1K u K1, a takxe
komruiekca [IDI1K-K1. Pe3ynpTaTh pacdeTa nokasansl B Tabmuiie 2. M3 TaOIUIBI BUTHO, YTO pacCINTaHHBIC
MTOJIO’KEHUS YHEPTHI 3JIEKTPOHHO-BO30YKICHHBIX COCTOSHII XOPOIIIO KOPPETUPYIOT C dKCiepuMeHTom. Ha-
OmogaeMblil JTUHHOBOJIHOBBIN CIBUT M3MEPEHHOTO CIIEKTpPa MOTJIOMICHHS CBA3aH C TEM, YTO pacyeT MpoBe-
JIeH JIUTsI MOJIEKYJT B BaKyyMe, a CIIEKTPBI N3MEPEHBI B pACTBOPHUTETIE.

Kax BumHO U3 pacdeToB, B pe3ysbTaTe B3aUMOJECHCTBHS C MOIUMEPOM MPOUCXOTUT U3MEHEHHE CIIeK-
TPaJIbHBIX MApaMETPOB U MOHM)KEHUE 3HEPTUU S;- COCTOSHUS KPaCUTEIN, YTO BBIPAXKAETCA B CIBUTE IOJIOC
MOTJIOIICHNS. AHAJIIOTUYHBIA 3(QQEKT Ul TaHHOTO KpacuTels MOKa3aH HaMH SKCIEPUMEHTAIBHO B pabo-
te [7]. [Ipr 3TOM B MOJEKYISIPHOM KOMILIEKCE «KPACHUTENIh — MOJMMEp» MOTJIONICHHE U CIIEKTPAIbHBIE Ta-
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paMeTphl ONPEACIISIOTCS COOTBETCTBYIOIIUMHU XapaKTEePUCTHKAMU KPACUTEIS, TIOCKOJIBKY B JJAHHOM Clydae
MOTJIONICHUE CBETA B BHJMMOM 00JacTH ocyiecTBisieTcsi MMeHHo Monekyiod K1. Tak, mis komruiekca
[I3IK-K1 Hanbonee pa3zpelieHHBIMU SBISIFOTCS TIEPEXOJIBI MEXKTY COCTOSHUSME So—S, 1 So—S;. [Ipu sTOM
SHEPrUs JaHHBIX COCTOSIHUN, a 3HAYHT U TIOTJIONICHHUE CBETA, IPOUCXOIUT Ha 0oJiee KOPOTKUX JJIMHAX BOJIH,
110 CPAaBHEHHIO C MH/MBHIyaIbHOM MOJIEKYJIOil KpacuTelns. Panee paspemenHslii mepexon okono 18000 cm™
JUTSE MOJIEKYJIBI CTall cliabopa3pelieHHBIM B MOJIEKYJIIPHOM KOMILIEKCE.

Taonuma 2

Pe3yabTaThl pacyera CHeKTPAJbHBIX XaPAKTEPUCTUK MHANBUIYAJIBHBIX
moJiekyJ1 11K u K1 u ux kommiekca

CocrosiHue ‘ E, cm’! A, HM F | D, J1 ‘ Asens» HM
TIDIIK
S| (nt*) 33094 302 0,299 218 347
S, (om*) 40670 246 0,326 ’ -
K1
S| (nn*) 18051 554 1,000 640
S, (mn*) 28818 347 0,019 31,98 -
S; (mn*) 32895 304 0,023
II2IIK-K1
S| (nm*) 18430 543 0,078 670
S, (nn*) 18730 534 0,690 5,42
S; (mn*) 20920 478 0,700

Hanee ObUIO paccYMTaHO paclpeneieHue MEKTPOHHOW TUIOTHOCTH Ha MOJIEKYJISIPHBIX OpOUTAJISIX MO-
nexyn IIDIIK u K1 (puc. 4). Ha pucynke nokazaHbl TOJBKO T€ MOJIEKYJISIpHBIE OpOUTANN, KOTOPBIE AAIOT
MaKCUMaJIbHBIN BKJIaJ B (GOpMHUpOBaHNE CHEKTPATBHBIX CBOMCTB MOJIEKYII.

d’!p C 3 3 XPIOCRR

> 9 bt 9
ﬁ—‘ jﬂ J. % 9 o 3. .‘ .‘J
a v 9 2 J
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Pucynox 4. Pactipenenenue 351eKTpOHHOHN NIOTHOCTH HA MOJEKYJIPHBIX
opOuTasax nHauBUIyanbHBIX Mojekyn [13T1K u K1

U3 pucyHka BUIHO, YTO OCHOBHAS 4acTh 31eKTpoHHOH TuioTHocTd HOMO op6uranu [13I1K ckoHieH-
TpUpPOBaHA BIOIh KOPOTKOW OCH KapOa30JIBHOTO IUKJIA TI0 CBSI3SM MEXKIy YIIIEpOIHBIMU aToMaMu. [Ipu mo-
TIIOMEHNU (POTOHA MPOUCXOUT TiepepacipeielieHre 3JIEKTPOHHON TNIOTHOCTH IO CBSI3SIM aTOMOB yTJiepoJia
W aTOMOB BOJIOPOJia, BXOJAIINX B Kap0a3oibHbIH octatok. AHammzupys tun HOMO/LUMO opOurasnei,
MO>KHO CAEJaTh BBIBOJ O JOHOPHO-aKLIENTOPHBIX CBOWCTBAaX MoJeKynbl. B Hamem ciaydae LUMO opbutans
SIBIIIETCS] Pa3PBIXJISIFOIICH, YTO TOBOPHUT O XOPOIIUX aKIENTOPHBIX CBONMCTBAX JaHHON MOJEKYJbl. B More-
kyne K1 anekTpoHHast IIIOTHOCTh B OCHOBHOM COCTOSIHUH JIOKAJIM30BaHA Ha METHUJIEHOBOM IIENOYKe, KOTOpas
nepepacrpeensieTcs Mo Bceil MoJIeKyJie BIOJIb KOPOTKON OCH MOJIEKYJIBL.

Paznoxxenne BOHOBBIX (DYHKITHH 1O BO30YKICHHBIM KOH(PHUTYpaIHsiM KOMILUIEKCa ITOJIMMEp — KpacH-
TeJb MpeACTaBIeHO HUXKe, Tne 1, 2, 3 — Hymepanus 3auaTeix MO, HaunHas ¢ BepxHeil MO, a Hymepanus
cBo0oHBIX MO HaunHaeTcs ¢ HxkHeH cBoboaHoi MO 1 0603HaueHa Kak 1°.
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Kak BuaHO U3 naHHBIX, B QOPMUPOBAHUH BIIEKTPOHHO-BO30YKICHHBIX cocTOsHMM KomIutekca [19ITK—
K1 mMakcuManbsHBIN BKIIJ Ja0T MOJICKYIISIPHBIC OpOUTAIH, MTPECTABICHHBIE HA PUCYHKE 5.

HOMO

Pucynok 5. Pacmipenenenue 351eKTpoHHO MIIOTHOCTH HAa MOJIEKYIAPHBIX opouTansx komiurekca [I9ITK-K1

B wactHOCTH, B 00pazoBanuu cocTosiHMiA S; U S; komrutekca [I3ITK-K1 npuaumator yuactue MO, no-
KaJM30BaHHbIE HAa 00EMX MOJIEKYJIax MOJICKYJIIPHOTO arperarta. B 0CHOBHOM COCTOSIHMM 3JIEKTPOHHOE 00J1a-
KO JIOKaJIM30BaHO MPEUMYLIECTBEHHO Ha Mojekyiie kpacurens (HOMO). Ilornomenue ceeta Ha AIMHE BOJI-
HBI 534 HM NPUBOJMT, NIPEXKJIE BCETO, K JIOKATM3AINH 3eKTpoHHOU motHocTH Ha [13I1K (LUMO) u obpa-
30BaHUIO CMEIIAHHBIX COCTOSHHM, COPMHUPOBAHHBIX MEPEX01aMHU ¢ 0osee HU3KHX MOJISKYJISIPHBIX opOuTa-
neit (HOMO-1, HOMO-2). CoctosiHre S; copMUPOBAHO TEMH K€ MOJEKYJIIPHBIMUA OpPOUTAISIMU, YTO U B
uHauBuayansHo monekyne Kl. Ilpu stom koadduumeHT BkIaza MoJeKyIspHbIX opoutaneii HOMO-
LUMO nocraTo4HO BENHK.

Takum 00pa3oM, Kak IMMOKa3ajl pe3ylbTaThl MOJEIMPOBAHUS, NMPU B3auMoaehcTBuu kpacurens Kl c
nonumepom [IDIIK nmponcxonuT nenokanu3anus SIEKTPOHHOHN MIOTHOCTH, a TAKKe M3MEHEHHE JUIIOIEHOTO
MOMEHTa Nepexo/ia, BeIpaXKarolieecs B IOHWKEHNH YHEPIHU Tepexosa S-S, U yBelIn4eHHe HHTEHCUBHOCTH
KOPOTKOBOJHOBOTO morfomieHus Ha 534 u 480 HM, KOTOpas MpONOPIMOHANIbHA CHJIe OCIUIUIATOPA Mepexo-
na. KordopmanmoHHblii aHanu3 KOMILIEKCOB MPOBOISAIIMX MOIUMEPOB C MOJIEKYJIOH KpacHTENs MOKazal,
YTO ONTUMAJIBbHBIMU SBJIAIOTCS CTPYKTYPBI TUIA «COHABHY» C PACCTOSIHUEM MEXKIY B3aHMOAEHCTBYIOIINMH
monekynamu 2,2-2,4 A. B maxpomonekyne IIBK mpu MonenuMpoBaHHM MPOUCXOIUT YHOPSIOYUBAHUE
CTPYKTYPHI U BBICTPAaUBaHUE MOHOMEPHBIX 3BE€HBEB BOJIb CIIMBAIOIIETO MOcTUKA. [Ipr 3TOM 3HEepreTuueckn
Oonee BBITOAHOM KOH(OpMaLued sABIseTCs KOH(POpMAlMA C PacHOJIOKEHHEM MOJIEKYJIbl KpacuTels
napauIeIskHO MOHOMEPHBIM MOJIEKyJIaM HOJINMEpa.
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ViccnepoBaHve B3auMOAENCTBUS MaKpOMOSEKyI. ..

J.A. Temup6aena, A.K. Hypmaxanosa, E.B. CenusepcroBa, H.X. 6paes

AKapTpL1aleTKI3rimTi moJuMepJiep MeH HMAHUH OOAFBIIITAP IHBIH
MAaKpOMOJIeKYI1a1apbIHbIH 63apa dpeKeTTecyiH 3epTrey

Maxkanazna GpoTOeTKI3TiIITI MOTUMEp MEH IUAHUH[] OOSFBIITHIH HETi3iHIeT] KOMIIO3UTTIH TOXXKIpUOEIIIK jKoHe
KBAaHTTBIK-XUMUSJIBIK 3€PTTEY HOTWIKEIEPi YCBIHBUIFAH. BOSFBINITBIH JKYTBUIYy JKOHE (IyopecleHIHs
CHeKTpiepi Taxipube >KysiHme 3eprrenai. HoTmkemep, momumepii Mmarpuiana IUAHWHII OOSFBIMITHIH
JKYTBUTY KOHE (IIYOPECICHIUs CIEKTpJiepi OOAFBINITHIH CPITIHACTI CHEKTPIEpiHe KaparaHaa, 0aToXpOMIbI
JKBUDKBIFaHBIH KepceTTi. CHeKkTpiepliH eHiHiH ecyi MeH OJIapAblH JKbUDKYBl KaTThl KaObIpInakrapaa
MOJIEKyJaJapJblH THIFBI3 OpHaJacybIMeH OaimaHbicTel. HoTwskeciHne OOSFBII  MOJIEKYyJATapBIHEIH
MOJIEKyJIaapaJIbIK  OpEKeTTeCy KYIITepi apTaabl, O OOSFBIITHIH 3JIEKTPOHABIK-KO3FaH KYWIEpiHiH
SHEPrUSCHIHBIH TOMECHJCYiHeH Oalikanaapl. ToxiprOenik )koHe KBaHTTHIK-XUMHUSUIBIK €CeNTeyJIepAiH KeIIeH i
Tajay KeMeTiMeH ITOJIMMep MOJIEKyJIanapbl MEH OOSFBIITHIH OHTAWIBl KOH(UIYPAUsACH MEH ONTHKAJIBIK
Kacuertepi Ooimkanabl. EH OHTaWIbl OONBII ©3apa OPEKETTECETIH MOJIeKyianap apacel 2,2-2.4 A-re Ten
«COHIBUY» KOH(DHUTYpaImscel 60bin Tabblaasl. Ecenteymep muanumi OOSFBINT eH (GOTOOTKI3TIII MOJTUMED
KCLICHIH/E 3JIEKTPOHABIK THIFBI3/IBIKTBIH JIEJIOKAIN3ALMACHL OOJNATBIHBIH JKOHE aJIMacyblH JIUIOJbBAIK
MOMEHTiHIH e3repeTiniH kepceTTi. CoHbIMeH Oipre Sy-S; OTyiHiH YHEPrHsACHIHBIH TOMEHCYI KoHE OTYIiH
OCUMJULATOP KYIUiHE MPONOPLMOHAN KbICKATOJNKBIHIbI JKYTHUIY/IbIH KapKbIHABUIBIFBIHBIH ©cyi OalKaiipl.
3eprrenren kemenge HOMO-LUMO monekynanslk opOUTaIbIapAblH Yieci YIKeH. AJBIHFAH HOTIDKEIep
OoipkamBl KacueTTepi 6ap xyiienep skacay YIIiH KOJJAQHBUTY MYMKIH.

Kinm ce30ep: 1MaHWH, CHEKTPIIK-JIIOMHHECIEHTTIK KAaCHETTep, IIOJHMEp, IIOJMMEpP MaKpOMOJIEKYIIACH,
KBAHTTBIK-XUMUSUJIBIK €CeNTeyep.

D.A. Temirbayeva, A.K. Nurmakhanova, E.V. Seliverstova, N.Kh. Ibrayev

Investigation of the interaction of macromolecules
of semiconductor polymers and cyanine dye

In the article the results of experimental and quantum-chemical study of a composite based on a
photoconductive polymer and a cyanine dye are presented. The absorption and fluorescence spectra of the
dye were studied experimentally. The results showed that the spectra of the cyanine dye in the polymer
matrix are batochromatically shifted with respect to the absorption and fluorescence spectra of the dye in the
solution. The broadening of the dye spectra, as well as their shift, is associated with a more dense packing of
molecules in solid films. As a result, the forces of intermolecular interaction of the dye molecules increase,
which is manifested in a decrease in the energy of the electronically excited state of the dye. Through the
comprehensive analysis of spectral data and quantum chemical calculations, the most optimal configuration
and optical properties of the dye and polymer molecules are predicted. It was found that the conformation of
the «sandwich» with the distance between interacting molecules equal to 2.2-2.4 A is the most optimal. The
calculations showed that in the complexes of the cyanine dye and photoconductive polymer the delocalization
of the electron density, as well as a change of the dipole moment of the transition occurs. In this case, the
energy of the Sy-S; transition is decreased and the intensity of the short-wave absorption is increased, which
is proportional to the oscillator strength for the transition. The contribution coefficient of the HOMO-LUMO
molecular orbitals in the studied complexes is quite large. The obtained results can be used to create systems
with predictable properties.

Keywords: cyanine, spectral-luminescent properties, polymer, polymer macromolecule, quantum-chemical
calculations.
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Structural phase transition in surface layer of metals

In the article a review of various phenomena on the surface of pure metals is given: the occurrence of the sur-
face states of Tamm and Shockley; quantum size effects; electric double layer, the work function of electrons
from a metal. According to modern concepts, the surface layer is a very thin phase that is in thermodynamic
equilibrium with volume. A new model of the surface layer of metals has been proposed. The main attention
is paid to the structural phase transition in the surface layer. This question is raised by us for the first time. In
order to describe phase transitions in nanostructures, various models have been proposed, among which we
can mention the Landau mean field method, in which the order parameter is used. We will use the Landau
theory, replacing the temperature T with the coordinate h. It was experimentally shown that the heat capacity
jumps ACp =0, d = 1.15 (J/molK). The molecular dynamics calculations for the heat capacity of gold with
particle sizes from 1.5 to 5.5 nm showed that ACp = 1.65 (J/mol*K). This is close to our result, given the
proximity of computer calculations. The lattice parameter of gold is a = 0.4 nm. So the d (I) layer contains
about 3 monolayers of atoms of gold and d (II) — about 6 monolayers of gold.

Keywords: surface layer, nanostructure, phase transition, Landau theory, heat capacity.

Introduction

The study of the physical properties of various substances shows that these properties substantially de-
pend on the size of the sample, starting from its certain critical value. This is explained by the difference in
the properties of substances in the local near-surface layers and in the bulk. With a decrease in the sample
size (for example, film thickness), the contribution of the surface layers to the total sample characteristic in-
creases and the averaged characteristics of the substance change. This phenomenon is called a size effect and
is fundamental in the nanoworld (nanophysics, nanochemistry, nanogeology, etc.) [1-10].

According to modern concepts, the surface layer is a very thin phase that is in thermodynamic
equilibrium with volume [11]. Regarding the thickness of the surface layer, there are various approaches.
Thus, in [12], the concept of a natural surface layer of a metal is introduced, which differs from the main
volume of the metal by mechanical, physical, and sometimes chemical properties. Large stresses occur in
this layer due to the following technological operations:

— heat treatment (for example, quenching, tempering, annealing);

— chemical treatment (for example, carbonization, nitriding);

— electrochemical treatment (for example, electrolytic coating);

— physical treatment (for example, ion implantation).

The study of such surface layers, the main characteristic of which is the surface roughness, led to the
creation of a scientific direction — surface engineering [13—15]. This branch of knowledge pays special at-
tention to the issues of metal corrosion, tribology, the processes of material wear and destruction. Let's call
this metal layer a technological layer the thickness of which can range from fractions to hundreds of microns.

When splitting single crystals in vacuum, three types of surfaces can form along the cleavage plane:
singular (atomically smooth), vicinal (stepped), non-singular (diffuse) surfaces (Fig. 1) [16—18]. The study of
such surfaces became possible after the development of ultrahigh-vacuum technology, atomic force and tun-
neling spectroscopy [19-22].

1 — singular (atomic-smooth); 2 — vicinal (stepped); 3 — non-singular (diffuse) surfaces
Figure 1. Three types of surfaces

50 BecTHuk KaparaHguHckoro yHusepcureTa



Structural phase transition in surface layer of metals

We will consider mainly atomic-smooth surfaces, although we will illuminate some moments of other
types of surfaces [23-31].

This paper provides an overview of various phenomena on the surface of pure metals. A new model of
the surface layer of metals has been proposed. The main attention is paid to the structural phase transition in
the surface layer. This question is raised by us for the first time.

Surface levels in metals

As early as 1932, LE. Tamm [32] predicted the existence of surface levels, which subsequently received
his name. Later, Tamm levels were experimentally detected on an atomically clean surface of germanium.

The surface Tamm levels are due to the fact that the potential barrier of a surface atom differs from the
potential barrier of a deep-seated atom (Fig. 2). The solution of the Schrédinger equation for surface strongly
and weakly bound electrons leads to the conclusion that, in addition to the usual energy bands, there are sur-
face energy states of electrons. The concentration of such levels is proportional to the surface concentration
of atoms and can reach 1019 m-3. With such a high concentration of Tamm levels, their splitting into the
energy zone is possible.

The Shockley surface levels [33] are formed as a result of the breaking of a part of the chemical bonds
of surface atoms. Uncompensated valence bonds are capable of accepting and fixing charge carriers.

An analysis of the Shockley model as applied to a one-dimensional atomic chain showed that two ener-
gy levels are formed in the forbidden band, one of which differs from the valence band and the other from
the conduction band. Shockley levels, like the Tamm levels, can exist only on an ideal surface.

Sources of surface states can also be:

— adsorbed foreign atoms, both donors and acceptors;

— steps, dislocations, mechanical stresses;

— the distribution of its own metal atoms or semiconductor in the surface layer, which is different from
the bulk one;

— boundaries between uniformly oriented domains on the surface.

Usually, as a result of the joint action of these sources, the density of surface states is less than that of
Tamm.
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Figure 2. Potential crystal relief (a), bulk (b) and surface (c) states
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Quantum-size effects in metals

Quantum-dimensional structures [34, 35], in which only one quantum level is filled, are called two-
dimensional electronic structures. If the movement of carriers is limited not in one, but in two directions,
then in this case the carriers can move freely only in one direction, along the thread. In the cross sec-
tion (the yz plane) the energy is quantized and takes discrete values of E,,, (like any two-dimensional motion,
it is described by two quantum numbers, m and n). The full spectrum is also discretely continuous, but with

only one continuous degree of freedom:
2

E=E, +&= (1)
m

By analogy with film structures having a spectrum (1), these systems are called one-dimensional
electronic structures or quantum filaments.

Finally, there are structures resembling artificial atoms, where motion is restricted in all three direc-
tions. Here the energy spectrum no longer contains a continuous component, but is purely discrete.
As in the atom it is described by three discrete quantum numbers (not counting the spin) and can be written
as E = Ey, and, as in the atom, the energy levels can be degenerate. Such systems are called zero-
dimensional electronic structures or quantum dots.

In order for quantization of the energy spectrum to manifest itself in any observable effects, the distance
between the energy levels E,.-E, must be sufficiently large. First of all, it should significantly exceed the
thermal energy of the carriers:

E

n+l _En >> kT’ (2)
otherwise, the almost identical population of neighboring levels and frequent carrier transitions between
them make quantum effects unobservable.

If the electron gas is degenerated and characterized by the Fermi energy Ep, then in order to observe quan-

tum-size effects, the condition:
En+1_En ZE'F (3)
In accordance with requirement (3), metal structures are not very suitable for observing quantum size

effects, since EF in typical metals is several electron volts, which is known to be greater than any distance
between levels. Semiconductor or semimetallic structures are clearly preferable here.

Metal surface reconstruction and relaxation

Consider the atomic structure of the surface of the sample, formed as a result of cleavage along a certain
crystallographic plane. Due to the fact that there are no atoms on one side, the nature of the interatomic
forces on the surface should change. As a result, the equilibrium structure of the upper atomic layer must
differ from the corresponding atomic plane in the bulk. There are two main types of atomic surface rear-
rangement [ 16—18]: relaxation; reconstruction.

The surface relaxation is understood as the difference between the distances between the last crystallo-
graphic planes parallel to the plane of the boundary with vacuum, and the distances between the same planes
in the bulk. It is assumed that the arrangement of atoms in the last plane completely coincides with the ar-
rangement of atoms in all other planes parallel to it.

In turn, the relaxation is subdivided into normal and lateral (the latter is also called parallel or tangen-
tial). Normal relaxation corresponds to the case when the atomic structure of the upper layer is the same as in
the volume, but the distance between the upper and second layer differs from the distance between the planes
in the volume. In its pure form, normal relaxation is observed in metals.

With rare exceptions, the surface of most metals is unreconstructed and subject to relaxation. For low-
index planes, relaxation is, as a rule, purely normal. Some high index planes are characterized by a combina-
tion of normal and lateral relaxation.

The aluminum surface A1 (110) is a typical example of relaxation of a low-index metal surface.

This is a purely normal relaxation (Fig. 3a). Like most metals, the first interlayer distance d;, is com-
pressed [36]. The magnitude of this compression, normalized to the interlayer distance in the crystal
volume, A = (di2 — dpui)/dpuik, 1S -8.6 %. In general, for face-centered and bulk-centered metals this value is
in the range from zero to several tens of percent, and it is higher for surfaces with a low packing density of
atoms.
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Figure 3. Normal (a) and lateral (b) surface relaxation

Deviations of the interlayer distance from the bulk value decrease with depth, and often oscillatorily. In
particular, in the case of the A1 (110) surface, the second interlayer distance is stretched by + 5.0 %, and the
third is again compressed, albeit slightly, by -1, 6 %.

On the surfaces of some noble and semi-noble face-centered metals (for example, Au, Ir and Pt), as
well as transition-centered metals (W and Mo), there are reconstructions.

Electric double layer in metals

The metal surface can be escaped only by conduction electrons the energy of which is sufficient to
overcome the potential barrier present on the surface [37, 38]. The removal of an electron from the outer
layer of the ions of the lattice leads to the appearance in the place that left the electron an excessive positive
charge. Coulomb interaction with this charge causes an electron, the speed of which is not very large to re-
turn. As a result, the metal is surrounded by a thin cloud of electrons. Together with the outer layer of ions,
this cloud forms a double electric layer. The forces acting on an electron in such a layer are directed inside
the metal. The work done against these forces during the transfer of an electron from a metal to the outside,
goes to increase the potential energy of the electron. Due to the fact that the thickness of the double layer
coincides in order of magnitude with the size of the atom, the field strength in the layer reaches values of the
order of 108 V/cm, which makes it possible to balance the gigantic internal pressure of the electron gas.

The thickness of the space charge region is determined by the concentration of free charge carriers ng in

the material: ¢, ~ 1/ \/Z . Thus, for example, in BaTiO; ID ~ 2-107 c¢m, and the corresponding near-surface

concentration of charge carriers is ny ~ 5-10° cm™. When the electron density in the metal is n=10* cm™
£5=0.3 10" cm. The total electron energy in the metal is composed of the potential and kinetic energies. At
absolute zero, the values of the kinetic energy of the conduction electrons are in the range from zero to the
energy E... coinciding with the Fermi level. In Figure 4 energy levels of the conduction band are inscribed»
in the potential well.

p0

r

Figure 4. Diagram of the energy levels of the metal

To remove metal outside the metal, different electrons must be given dissimilar energy. Thus, an
electron located at the lowest level of the conduction band must be given energy ERO; for an electron located
at the Fermi level, the energy Epy — E,... = Epyp — Er is sufficient.
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The lowest energy that an electron needs to communicate in order to remove it from a solid or liquid
body into a vacuum is called the work function. The work output is usually denoted by e, where ¢ is a
quantity called the output potential. The electron work function of a metal is determined by the expression:

ep=E, —E,. 4)
The thickness of the surface layer of atomically smooth metals

In [39, 40] we obtained a formula that describes the dependence of the physical property of a solid on
its size:

d
A(h) = 4, -(1—;], (5)

here A4, is the physical property of the massive sample; A(h) is the physical property of a small particle or
thin film; d is a dimensional parameter.
For the size parameter, we have obtained the formula [39, 40]:

2oL
=R (©)
here o is the surface tension of the bulk sample; v is the molar volume; R is the gas constant;
T temperature.
For h <d, formula (5) loses its physical meaning (A (h) — %)), so we will define the function A (h) in
this area so that at the point h = 0, the function A (h) turns to zero (Fig. 5). This condition is fulfilled when
the function (2) is rewritten as:

d
A(h) = 4, (l_ﬁj' (7)
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Figure 5. Schematic representation of the surface layer

The values of the parameter d for some metals are given in Table. The experimental value for atomical-
ly smooth surfaces of gold crystals, obtained in the geometry of sliding x-rays [41], is 2.4 nm. This almost
coincides with Table.

However, the size dependence of the physical properties of solids begins at h = 10d. We call it the
thickness of the nanostructure and denote (II).
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Table
The thickness of the surface layer (I) of some metals

Me d, nm Me d, nm Me d, nm Me d, nm Me d, nm Me d,nm

Li 0,7 Sr 5,8 Sn 1,4 Cd 1,3 Fe 2.2 Gd 53
Na 1,5 Ba 6,2 Pb 1,8 Hg 0,6 Co 2,0 Tb 5,3
K 2,6 Al 1,5 Se 1,3 Cr 2,7 Ni 1,9 Dy 5,3
Rb 2,9 Ga 0,6 Te 2,5 Mo 4,6 Ce 3,8 Ho 5,5
Cs 3,6 In L1 Cu 1,6 W 5,8 Pr 4,2 Er 5,5
Be 1,3 Tl 1,9 Ag 2,2 Mn 2,0 Nd 4,5 Tm 5,2
Mg 2,2 Si 34 Au 2,3 Tc 3,6 Sm 4,4 Yb 4,6
Ca 4,9 Ge 2,8 Zn 1,1 Re 4,6 Eu 5,8 Lu 5,7

In [39, 40] we showed that the surface tension with high accuracy is given by:

=0,7-10"T, (8)

m

where T}, is the melting point (K) of the bulk sample: o [J/m’].
If we substitute (8) into (6) at T = T,,, we obtain that the thickness of the surface layer (I) of an atomi-
cally smooth solid is equal to:

d=0,17-10"-v. )

For gold, v = 10.21 (cm’/mol) = 10.21 10°° (m*/mol); d (Au) = 1.74 nm (at T,, = 1337 K). From the de-
pendence dzgp = Ti/d(Au)T3q0 follows: d3p0 = 2.23 nm. This value is slightly (3%) different from the value
given in Table.

Orientational phase transition and Landau theory

It follows from Figure 5 that at h = d, an orientational phase transition of the A type occurs in the
nanostructure (Fig. 5), which is associated with surface reconstruction and relaxation processes [36]. There is
an opinion that size plays a role in temperature in nanostructures. When 4 = d, in particular, the Hall-Petch
law is changed to the opposite [42] and other phenomena.

In order to describe phase transitions in nanostructures, various models have been proposed, among
which we can mention the Landau mean field method, in which the order parameter is used [43]. We will use
the Landau theory, replacing the temperature 7 with the coordinate h.

In Landau's theory, the temperature-dependent order parameter is associated with crystal symmetry. In
this case, in one of the phases (as a rule, in the high-temperature phase), the system is not ordered and n = 0.
In the ordered phase (usually low-temperature) n=0.

According to Landau, the thermodynamic potential of the system is expanded in a row in the parameter n:

F(h,m)=F,(h)+ An+Bn*+Cn’ + D' + EN +--, (10)
where Fo(h) (T = h) is the part of the free energy independent of 1, and the coefficients A, B, ... may depend
on h. From the condition of thermodynamic equilibrium of the existence of a phase, there should be a mini-
mum of its free energy, at which 0F/én = 0. From here it is obvious that the coefficient for the first degree
should be zero: 0F/on = 4 = 0 (all subsequent terms of the decomposition 0F/0n are equal to zero, since in
the unordered phase m = 0). In addition, in most cases, the disordered (high-temperature) phase is
centrosymmetric, so that the minimum F(n) in the vicinity of n = 0 should be symmetric. Therefore, the de-
composition &°F/6°n must be characterized by an even series (polynomial). For this reason, all coefficients
with odd powers 1 in expression (10) must vanish. This gives grounds to rewrite the expression for the ther-
modynamic potential in the following form:

F(hm) = F,(h)+(1/20)m> +(1/4B)n" +(1/6y)m° +--, (11)
where o, 3 and y — are the coefficients of the decomposition of the thermodynamic potential with respect to
the order parameter: F(n). For them, new notation is used - instead of B, D, ..., and the coefficients Y5, Y, ...
are introduced only in order to simplify the expressions obtained by differentiating the thermodynamic po-
tential. When analyzing the expansion (11), we can conclude that the dependence of the coefficient o on h is
sharp (critical). The dependence of 3 and y on h is not critical, so that it can be neglected.
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By expanding the dependence au(h) in a series in a small (in the vicinity of the transition)

parameter (h-6) and limiting ourselves to the first member of this series, we have:
a=0,(h—0), (12)
where o is a coefficient independent of h.

In Landau's theory, the character of the FP (features of the second kind or the first kind) is determined
by the sign of the coefficient of the fourth power of the order parameter: n*. In the case of p > 0, we have a
second-order phase transition, and in this case, taking the coefficient at n® (and at higher degrees of the order
parameter) becomes unnecessary, since the stability of the system is already provided by the condition of a
positive value of the parameter. Thus, for the thermodynamic description of the FP2 in the centrosymmetric
disordered phase, the expansion of ®(h,n) in the order parameter takes the form of a finite polynomial:

F(h,n) = Fy(h)+(1/20)n” +(1/4p)", (13)
where a = oy(h—0) and § > 0.

The specific form of the function (13) depends on the physical meaning of the order parameter.

According to microscopic changes in the structure, phase transitions are divided into displacement type
and order-disorder type transitions.

The order parameter for order-disorder phase transitions is described as follows. A change in the sym-
metry of a crystal can occur as a result of the redistribution of the probability that atoms are located at
different equilibrium positions in the unit cell. Suppose that there are two such positions and they are «popu-
lated» respectively with a concentration of N; and N, atoms — the number of atoms located respectively in
positions 1 and 2. At sufficiently high temperatures, these positions are uniformly populated, the probability
of finding an atom in each of them is the same: N; = N,. Since on average (for example, on average over
time) the internal atom is in the center of the cell, the symmetry of the structure does not change. The phase
transition into an ordered phase with decreasing temperature manifests itself as the appearance of the
difference in the probabilities of finding a particle in different positions, that is, the difference in the number
of particles in these positions. At the phase transition point, the value becomes nonzero:

11=(N1—N2)/(N1+Nz)- (14)

Structural phase transitions in which symmetry changes occur as a result of the redistribution of
particles over previously equally probable positions are called order-disorder transitions.

In order for the phase transition point to correspond to a steady state, the thermodynamic potential must
have a minimum at this point:
oaF _ 24M+4Cn’ =0;
on

(15)

2
OF _y4+120m 0.

=
From (15) it follows that:
h>d n=0 A4,>0;

Ay (16)
2C,

The second postulate of the Landau theory is a linear dependence on h of the coefficient A, near the
transition under the condition of constant pressure:

A =ay(h~d), (17)

h<d n

where ay=(0Ay/0h),-q — const.
It is assumed that C,y does not depend on h. Thus, the value of the order parameter 1 for 4 <d is:

— OLo(d_h)
n= /—2C0 . (18)

oF 04, >
g 0 19
o Py n (19)

Entropy near the phase transition point:

S=
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In the symmetric high-temperature phase, # = 0, S = Sy; with & <d:

2
§=8,+ 0 0 g % gy, (20)
2C, oh 2,

Note that the resulting function S (&) is continuous. Now you can find the values of heat capaci-

oS :
ty C,=h| — | in both phases with 4 = d. In the low-temperature phaseC, =C + Od , in the high-
P ah ) P Po 2C

0

oS,
temperature phase C, = C, , where C, = ha—ho . Heat capacity jump during phase transition:

2
ac, =% @1)
2C,

From Table and Figure 3 it follows that AC, = 0.5d = 1.15 (J/mol*K). In [44], the molecular dynamics
calculations of the heat capacity of gold with particle sizes from 1.5 to 5.5 nm were performed (Fig. 6). From
Figure 6 that AC, = 1.65 (J/mol*K), which is close to that obtained by us, given the proximity of computer
calculations.

The lattice parameter of gold is a = 0.4 nm. So the d(I) layer contains about 3 monolayers of atoms of
gold and d(II) — about 60 monolayers of gold.

27,25

26,92 -

J/mol K

26,59 |-

N
o
N
o
I

—e— AU nanoparticles

= = =AU volumetric boby

Heat capasity C

1,5 2,0 25 3,0 3,5 4,0 45 50 5,5
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Figure 6. Gold Heat Capacity [44]

The above results can give a significant impetus to the research of atomically smooth metals and other
compounds.

The work was performed under the program of the MES RK Grants No. 0118PK000063 and
No. @.0780.
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B.M. IOpos, C.A. I'yuenko, B.Y. Jlaypunac, O.H. 3aBaukas

MeTtanaapabiH 6eTKi Ka0aThIHIAFbI KYPBLIBIMABIK (pa3aJibIK 0Ty

Makanaza Taza MerangapiblH OeTiHaeri Typiai KyObulbicTapra miosty ycbiHbUwraH: Tamm xone Ioxmunin
OerTik KyliepiHiH maiga OoMybl; KBAaHTTHIK eimeM 3ddekTinepi; 2mekTpii Koc KabaT, MeTaigaH
NIEKTPOHJAPABIH MIBIFY JKYMBICEL Kasipri TyxbeIppIMamanapra colikec, O€TTIK Kabar — KeileM MeH
TEPMOTUHAMUKAIIBIK TEIe-TCHIIKTe OONaThIH oTe KyKa (aza. Merammap sl OeTKi KaOAThIHBIH KaHa MOJIEI]
ycoHbUIFaH. beTki KabaTTarsl KyphUIBIMIBIK (ha3ara eTyre Oaca Hazap aymapslIanbl. by mocerneHi 613 anrarm
per kerepinm OThIpMbI3. HaHOKypbUIbIMIapiarbl (a3ajblk eTylepaAi CHUIaTTay YIIIH OpTYpJi MOAENbIEp
YCBHIHBUIABI, OJIAPABIH iMIiHAE PETTUTK MapaMeTpiH KojnaHaTeiH JlaHmayaplH opTaiia epic SAiCiH aram eTyre
Oonanel. Jlangay TteopuwschiH naiinananein, T TemmeparypachlH h KOOpAMHATIIEH —ayBICTBHIPAMBbI3.
OKCTIepIMeHT  KOpCeTKeHIeH, IKBUTyCHIMBIMABUIBIFBIHBIH  cekipici  AC,=0,d=1,15 (Jx/Mons-K).
JXKyprizinren MonekynaablK TUHAMUKAIBIK ecenteyiep OeunmiekTepain emmemaepi 1,5-teH 5,5 HM neiinri
AITHIHHBIH KBLUTYCHIABIMABLIBIFEL AC, = 1,65 (JIx/Monb-K) OONaThIHBIH KOPCETTi. AJTEIHHBIH TOP IapaMeTpi
a = 0,4 am kypainsl. Jlemek, D (I) kabaTs! anTelH aTOMIapbHEIH 3 MOHOKaOaTsHaH xoHe D (II) — anTeHHBIH
6 MOHOKa0aTBIHAH TYPAMbL.

Kinm co30ep: 6eTki Kabat, HAHOKYPBUIBIM, (ha3aiblK oTy, JIaHIay TeOpHUsCHL, )KbUTY CHIHBIMIBLIBIFEL.

B.M. IOpos, C.A. I'yuenko, B.Y. Jlaypunac, O.H. 3aBankas

CTpykTypHbIii (ha30BbIii Iepexo] B MOBEPXHOCTHOM CJIO€ METAJLIIOB

B crarbe man 0630p pa3nHUHBIX SBICHUH HA MOBEPXHOCTH YHUCTHIX METAJIOB: BOSHUKHOBEHHE ITOBEPXHOCT-
HbIX coctossHui Tamma u Illoknn; xBaHTOBO-pa3MepHbIe YP(EKTH; TBOHHON IEKTPUUECKUH CloH, paboTa
BBIXOJA IEKTPOHOB M3 MeTamla. COraacHO COBPEMEHHBIM IIPEICTABICHUSAM IOBEPXHOCTHBIA CIIOH mpea-
CTaBJIsIeT cO00M OUEHb TOHKYIO (Da3y, HAXOMIAILYIOCS B TEPMOANHAMUYIECKOM paBHOBecHH ¢ oO0bemom. Ilpen-
JIO’)KEHa HOBasi MOJIEIb ITOBEPXHOCTHOTO CJI0si MeTaiuioB. OCHOBHOE BHUMaHHE YJEICHO CTPYKTYpHOMY (a-
30BOMY II€pEXO/ly B OBEPXHOCTHOM CJIO€. DTOT BONPOC MOAHUMACTCS HaMu BriepBble. 1 onucanus daso-
BBIX NIE€PEX0JI0B B HAHOCTPYKTYpPaX MPEATOKEHBI Pa3IMIHbIE MOJIENHU, CPEJH KOTOPBIX MOKHO OTMETHUTh Me-
ToA cpenHero nois Jlanay, B KOTOpPOM HCIOJB3YeTcs apaMmerp nopsaka. Mel Bocronb3yemes Teopuel Jlannay,
3ameHsts Temriepatypy T Ha koopauHaTy h. DKcrepuMeHTanbHO MOKa3aHo, YTo ckadok Ternoemkoctd AC, = 0,d
= 1,15 (Jx/mons-K). [IpoBeneHHBIC pacdeTsl METOJOM MOJEKYSIPHOH IMHAMHUKH TEIUIOEMKOCTH 30JI0Ta IIPH
pasmepax yacTul ot 1,5 1o 5,5 um nokasany, 9ro AC, = 1,65 (Jlx/monb-K). D10 6113K0 K MOTy4eHHOMY Ha-
MH pe3yNnbTaTy, yYUThIBas MPHOIMKEHHOCTh KOMIBIOTEPHBIX pacueToB. [lapamerp pemerku 3omota a = 0,4
HM. 3HauuT, cioit d (I) cogepxut okoso 3 monocnoeB aromoB 3osota U d (II) — okos10 6 MOHOCIIOEB 30510Ta.

Kniouesvie cnosa: TOBEPXHOCTHBIN CJIO#, HAHOCTPYKTypa, (a3oBeii mepexon, Teopus Jlanmay, Teroem-
KOCTb.
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MyHaii KyObIpJjiapbl apKbLIbl TACBIMAJ/IAHATHIH MYHAH 6HIMAEPiHiH
(pu3nKa-XUMHAIBIK KaCHETTEePiH JKAKCAPTYFa apHAJIFaH YUIIJIEKTPOATHI
3J1eKTPPa3PAATHI KOHABIPFBIHBIH dcepi

Maxkana MyHail OHIMIEpiHIH (H3MKA-XUMUSUIBIK ~KACHETTEPiH apTThIPy MakcaThblHIA —KOJIAHBUIFaH
KOHJBIPFBIHBIH JKYMBICHIHA apHairaH. KyOblp jkeiinepiMeH TachIMailay YIUiH JKOFapbl TYTKBIPJIBI JKOHE
JKOFapbl mapaduH/i Maiiapra MeXaHHKAaIbIK dcepiMeH OailiaHbICThl Mailnapipl AaiblHIay omicTepi Kasipri
TaHIa MYHall ©HJICY 3aYBITTAPBIHBIH ©3CKTI Macelneci OONBIN TaObUTaIbl. OMICTEpPAIH INIHICTI €H JaMbFaHbI
EKTPTUIPOUMITYIIBCTIK Pa3psATap SAici OOJIBIT TaObUIambl, O KYp/eli KypbUIBIM OeJIeKTepiHiH emeMaepi
MeH (OpMachlH ©3repTy apKbUIbl MaiiJIbl JUCTIEPCTI KYIEHIH KaCHEeTTepiH PEeTTel OThIpyFa MyMKIHIIK Oepesi.
DKONOTHAIBIK Ta3a CHHTETHKAJIBIK CYHBIK OTBIHJBI OHIIPY/i jKacay >KOFapbl TYTKBIPJIbI MYHAai[bl ©HICYIiH
TEXHOJIOTHSUIBIK YPAICTEPIH SKeTUIRipyai skoOamaiael. MyHnmalh MiHACTTI IIeNly YIIH OepuUleTiH MyHAHIbIH
(bu3MKa-XUMUSIIBIK CUMAaTTaMaJlapblH apTTHIPY YIIIH MyHail KyOBIpHI apHAcChIHAA SJIEKTPrUAPOMMITYIIBCTI

OHJICY/IIH YIDJIEKTPOATH JKyHecl KONIaHBUIABI koHEe Kenmeci (dakrtopmapaa: X; — ©HACY YaKbITH,
X, — XoHzeHcaTop OaTapesiChIHBIH CHIMBIMIBUIBFBI, X3 — pPa3psaapalblK Y3BIHIBIK, X; — KOCBUIATHIH
MIAMIAHAATKBII  Meumepi; Xs — KOCBUIATBIH CYTEri JOHOpPBI TKIPHOE IKYMBICTAPBI OPBIHAAIIIBL.

Toxipubenepain MomiMeTrTepi Makaigaga KenTipinreH. JKyMmbICTapasl  JKOFapbl  TYTKBIPJIBI  KOMIpCY
KOCBUIBICTAPBIHAFBl  OPTYpJi KJIACTaFbl KOCBUIBICTAp YVIIIH JKYprizy KaxeT. KeMipCy KOCBIIBICTapBIHBIH
OpraHUKAJIbIK MAacCAaChIHBIH ©3repic MeXaHM3MIEpIH TepeHIHEH 3epTTey JKaHa IKOFapbITHIMII THIpiey
YPAiCTepiH OHEY e HETi3r1 Tajam OOk TaObITaIbL.

Kinm ce30ep: myHail eHIMIEpI, 3MEKTPO, IEKTPPa3psAThl KOHIBIPFBI, COKKBI TOJKBIHIAPHI, KOHICHCATOP
GaTapesiCBIHBIH  CHIBIMIBUIBIFEL, PA3psAapaiblK Y3bIHABIK, CYyTEK MOHOPBI, KHHEMATHKANBIK TYTKBIPIBIK,
(dpakiys MIBIFBIMBL, TEMIIEPATypa, KHUIIIK.

Mymnaiienzey 3aybITTapAa MyHal KaJABIKTapbIHBIH OapiibIK TYPi — MYHail KaJAbIFbI KOHEe KYpaMbIHIA
MyHaiBl 0ap TEXHOTEHI MHWKizaTrTap Kampimracaapl. Onap MyHal KaJJIbIKTapbIHBIH IOTIHIICIHEH, MYHAH
KaJIBIFbIHAH, Ta3ajay TMpoLeciHeH maiiga Oonagsl. Ocipece MyHall TachIManiay KyObIpIapbIHBIH
KaObIpFajapbIlHAa TY3UICTIH MyHad INeriHauiepi, MyHail KaaAbIKTaphl JKOHE KYpaMbBIHIA MYHaWbl Oap
TEXHOTEH/II IIMKi3aTTap/pl Nai1ara acelpy HEMece KO0 KYpJeli TEXHUKANBIK MiHIeT Ooubin caHanaasl [1].
CoHJIIBIKTaH MYHall KaJJIBIKTApbIH AJIEKTPTHIPOUMITYIBCTIK TEXHOJOTHAMEH OHJCY JKOHE KYpaMbIHIA
MyHaiibl 0ap TEXHOTeHIl IIUKi3aT CHUSKTBl PECYpPCThl KOPFaWTBIH JKOHE SKOJOTHSIIBIK TYPFBIJAH Tas3a
TexHonorusapp! eHuey Kazakcran PecryOirkachiHIa FRUILIMHBIH 1aMYbIHA OACHIMJIBLUTBIK KOPCETE/I].

Ocpbiran OalmaHBICTHl Makanaja MyHail KyOBIpJapblHBIH iIKI O€TTepiHAe TY3UIETIH KaJAbIKTapIbl
3QIANICBIBAAHABIPY  OJICi  YCBHIHBUIBIT ~ OTBIp. by omicTiH  Heri3iHme  eHJENEeTIH  IIHKI3aTKa
ANIEKTPTUAPABIUKAIBIK, 3()(EKTIHIH 3IEKTPrUAPOUMIYIIBCTIK COKKBI TOJNKBIHIAPBIHBIH €3apa acepi >KaTbIp.
[uki3aTThIH KYPBUIBIMBIHAH COKKBI TOJIKBIHIAPEI OTKEH YaKbITTa aca ipi MOJICKYIalap/blH bIIBIPAYbI, SFHU
MUHEpaJAbl KOoclalap MEeH KeMip cyTeri OemiHeTiHIIri, eckepiyieni. MyHail meriHaiiepiHiH KypbUIbIMbIHA
COKKBI TOJIKBIHIIAP 9CEPiHIH Kb Cyl0eci 1-CypeTTe KopCeTinTeH.
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1 — AvdAEKTPIIi MaTepHaIaH KacallFaH KaKnak; 2 — OH 3JIEKTPOJ; 3 — Tepic IEKTPO

1-cyper. MyHa#IbIH aybIp KOMIPCYTEKTi KYPBUTBIMBIHA 3JICKTPTHIPOUMITYIBCTIK
COKKBI TOJIKBIHIAP 9CEPiHiH BIKMAJT €Ty CYI0eci )KoHEe OHIeY YSIIBIFBI

XUMUSUTBIK OHEPKACINTEe JKOHE XHMHUSIBIK MallMHA JKacayaa SJICKTPOrUAPABIMKANBIK 3(h(eKTiHi
KOJIJAaHy KEHIiHT1 JKbUIAPhl KAaKChl KOJIFAa allbIHYJa, JIETEHMEH JIICKTPrHIPABIMKAHBIH JAMYBbIHAA €H a3
urepireH 0arpIT 00JIbINT TaObLTAARI [2].

OnexTpruapaBiukanblk 3(QhexT xentereH (pU3NKa-XUMISUIBIK MpoLecTepAl OacTaMambUIBIK €TeTiHi
Oenrini, ceOebl MyHail »oHE MyHail OHIMIEPIH AIEKTPTHIPABIUKAIBIK OHJEY MPOIECIHAC KaBUTAIUSIIBIK
KOIIPIIIKTEPAiH CHIFbUIYbIHA OAaMIaHBICTBI TY3LIETIH SHEPrusi KOMIPCYTEKTI KOCBUIBICTAPIABIH YJIKEH
MOJICKYJIaIapbIHBIH aTOMIAPBIHBIH apachIHIAFbl XUMUSIIBIK OaiIaHBICTHI Y3y YIIIH KoJAaHas! [3].

JKorapeiga KenTIipinreH FBHUIBIMH HETI3MeNepai ainFa Tapta OThIphin, E.A. BekeToB aThIHIAFHI
Kaparanasl YHUBEpCUTETTIH (QHU3MKA-TEXHUKAIBIK (aKynbTeTiHIH «[ HIpoJInHAMHKA JKOHE KbUIyaliMacy»
FBUIBIMH-3EPTTEY 3€PTXaHACHIH/Ia MYHAWIBI TackMaiiay KYOBIpJIapbhIHBIH OOMbIHA OpHATYFa apHalFaH YII
AJNIEKTPOATHI  AIICKTPTUAPOUMITYJIBCTIK KOHIBIPFBI KACATBIHBINT KOHE 3epTTeyliep Kyprizinmi [4, 5].
Temenperi 2-CyperTe aTaJMBINI YII 3JCKTPOIATH KYOBIPPa3psAAThl KOHABIPFBIHBIH MYHAHl TachIMaiaay
KYOBIpbIHA YIJIECTIPY cXeMachl MeH (POTOCYpETI KeNTIPiJIreH.

o — 1 Mystait softerean sipic

e

Eprsmeprem snemesT

2 3 ¢
Mymaiioe: affoavea apHanray  MyHafige! apanacTeIpFbINEI Hap YII SMeKTPONTEL
AT COpEnT SIEKTPOATEI KOHABIPFBI

2-cypeT. YII 31eKTPOATHI KYOBIPPa3psiAThl KOHABIPFBIHBIH MYHaH
TackIMaigay KyObIpbIHa YHIECTIpy cxeMachl MeH (oTocyperTi

3epTTey HbICaHbl peTiHAe ATacy-ANamaHbKoy MyHai KYOBIPBIHBIH KYMBICTHIK O€TTepiHIEe TY3UIreH
MYHall KaJIbIKTapbIHBIH (DU3MKA-XUMHUSIIBIK KACHETTEPIHE JKOFaphlla KEITIPUIreH YII 3JEKTPOATH KyObIp
PaspsAATHl KOHIBIPFBIHBIH aca KyaTThl JEKTPTUJAPOUMITYIILCTIK TOJMKBIHAAPBIHBIH ocepl TaKipuOe xy3iHme
3epTTEIII.

ToxipuOeHi BIKTUMAIABIK-ICTEPMHIH ICHTIPUITEH JKOCTIapiiay 9JIiCiH KOJJaHy apKbUIHI T.F. ]I, Ipodeccop
C.B. bensiertoi (KP binim xoHe FbulbIM MUHHCTpIIri ©OO0imeB aTeiHnarsl XMU) Tamnchipeicsl OoibIHIIA
Oarapiama skacallbIHFaH OOJIaThIH.

ATtacy-Ananianpkoy MyHail KYOBIPIapbIHBIH KYMBICTBIK OCTTEpiHe TY3UINeH MYHal KalIBIKTapbiH
AIIEKTPTUIPOUMITYIIBCTIK SCep €Ty KOMETIMEH OHJIeY IPOLECiHIH MaTeMaTHKAJIbIK MOAETIH Kypy XKoHE OHACY
MPOLECIHIH THIMII MAPTTapbIH aHBIKTAY YLIIH TOXKIpUOEHi BIKTUMAJABIK-ICTEPMUHICHAIPIITeH Kocnapiay
OMICIH KOJAaHYMEH 3epTXaHalbIK 3epPTTeyJIep JKypriziami. byn omicre aprypii dakropiaapasiH e3apa acepi
eckepinei. 3epTTeneTid GakTopiap *KoHe OJIapAbIH ASHreinepi 1-kecTene KOpCeTiireH.
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l-xecrte
3epTTesieTiH pakTOpIAAP JKIHE 0JIAPABIH JeHTeiiaepi
Omnem Henreitnep

Paxropap OipmikTepi 1 2 3 4
X| — eHJIey YaKbIThI MUH 1 2 3 4
X, — KOHJIeHCaTOp OaTapesChIHBIH
CBIMBIMABUIBIFBI MKD 0,1 0,25 0,5 0,75
X5 — paszpsapaiblK Y3bIHIBIK MM 6 7 8 9
Xy — KOCBLIATBIH IHATIIAHIATKBIIT p 2.17 434 6.51 8.68
MeJTiepi
X5 — KOCBUIATBIH CYTETi JOHOPHI MJI 10 20 30 40

Byn omicTiH HETi3iHAE CHI3BIKCHI3 KHUBIHTHIK KOPPEISAIUsS KAaThlp. AWHBIMAIB (akTopiap TepT
JeHrelne e3repin oTeIpAbl. TokipuOeHi kocmapiay MaTpullackl 2-KecTele KepceTiareH. MaTpullaHblH
opOip >KOJBI TOXKipUOEHI KYprizy IapTTapbiHa jkayam Oepeni, opi MaTpHIAHBIH KYPBIIBIMBI OapibIK
TOXIpUOeHi Kypri3y Ke3iHae Ke3 KeireH (GpakTopAblH ACHreil 0apiblk (akTopiapAblH 9p AeHreliMeH Oip
PeT Ke3/IeCeTiH et eTill KacallbIHFaH.

Yioken. OHE Y5, OaFaHANAPBIHAA ANJBIH ajia 3JICKTPTUAPOUMITYIBCTIK COKKBI TOJNKBIHAAP KOMETIMEH
OHJICJITCH MYHAH KaJIbIKTaphbl (paKIHsIIapPbIHBIH KHHEMATHKAIBIK TYTKBIPIBIFBIH KOHE MYHA KaJIIbIFbIHAH
300 °C pneliin (QpakUUSHBIH IIBIFEIMBIH aHBIKTAY OOWBIHINIA OapibIK TOKIpUOEHEPAiH HOTIDKENEpi
KOPCETIIreH: Vi, — TOXIpUOE HOTIDKEICPIHEH allbIHFAaH MYHAl KaJIbIFbl  (DPaKIUSIIaphIHBIH
KHHEMATHUKAJIBIK TYTKBIPJIBIFBIHBIH €CENTIK MaMAachl, Y., — TOXipuOe HoTmwxkenepineH anpiarad 300 °C
AeiiH (paKiys HIBIFBIMBIHBIH €CENTIK MAaMAaChl, all Ypeop KOHE Yooy — IIpOoTOABAKOHOB-MalbIIIEBTHIH
KalbUIAHFaH TEHJICYiHIH HETi31HJe aJIbIHFaH MYHAl KaJABIFbl (PaKIUsUIAPBIHBIH TYTKBIPIBIFBIHBIH XKOHE
300 °C neiiinri )XeHUT-OpTaIia (pakiysl MIBIFBIMBIHBIH €CENTIK MOHACPI. DICKTPTHAPOUMITYIIBCTIK dCEp €Ty
KeMeriMeH ATacy-AJlalllaHbKOy MYHal KyOBIpJapbIHBIH JKYMBICTBIK OCTTEpiHAE TY3UIT€H MYHai
KJIIBIKTAPBIH JIJIBIH ajla oHJIey OOMBIHINA TOKIpUOEH] KOCIIapiiay MaTpHITACHl TOMEHIE KEeTipiIreH.

2-KecTe
To:xipuoeHi sxxocnapiaay MaTpuuachl
: XI; XZ; X3; X4’ X5’ Y]skcn.; Y]meo > YZJK('}’I.) YZmeo >
TexipuGe Ne MUH MKD MM ep Ml e MMZ;C % %p

| 1 1 0,1 6 2,17 10 6,49 6,4753 16,75 | 19,3513

2 1 0,25 7 4,34 20 6,53 6,3652 3543 | 27,5111

3 1 0,5 8 6,51 30 5,71 5,8326 34,07 | 28,1789

4 1 0,75 9 8,68 40 5,32 5,2757 23,51 | 25,8662

II 5 2 0,1 7 6,51 40 5,36 5,6627 18,35 | 21,9999
6 2 0,25 6 8,68 30 5,96 6,0648 4492 | 27,0224

7 2 0,5 9 2,17 20 5,72 5,553 20,79 | 22,2943

8 2 0,75 8 4,34 10 5,12 4,8923 24,08 | 21,8885

III 9 3 0,1 8 8,68 20 6,22 5,9686 28,21 | 29,6722
10 3 0,25 9 6,51 10 4,67 5,2587 40,54 | 23,9503

11 3 0,5 6 4,34 40 5,91 5,3391 19,78 | 26,6007

12 3 0,75 7 2,17 30 5,01 5,2556 19,98 | 27,2807

v 13 4 0,1 9 4,34 30 6,23 5,9072 22,9 33,4732
14 4 0,25 8 2,17 40 5,08 5,2635 52,35 | 28,1584

15 4 0,5 7 8,68 10 5,4 5,1711 25,36 | 33,5923

16 4 0,75 6 6,51 20 5,36 5,7338 47,99 | 39,8488

OpTypai akTopaapasiH (X; — eHACY YaKbIThl; X; — KOHACHCATOP OaTapesiChIHBIH ChIMBIMIBLIBIFEL,
X; — pa3psa apanblK Y3bIHIBIK; X; — KOCBIIATHIH IMANIIAHIATKBIIT Meepi; X5 — KOCBUIATBIH CIUPTTIH
Meuiepi) Artacy-AjaliaHbKOy MYHal KYOBIPBIHBIH JKYMBICTBIK OCTTEpIHIC TY3LIr€H MYHAH KaJIbIFbl
(dpaKUsUIapbIHBIH KMHEMATHKAIBIK TYTKbIPJIbIFbIHA skoHEe 300 °C neifiH (pakius IIBIFBIMBIHA OCEPIHIH
rpaduKabIK TOYCIAUTIKTEP] 3- )KoHE 4-CypeTTepae KOPCETUIIEH.
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X] — OHZACY YaKbITbIHA, Xg — KOHACHCATOp 6aTapeHCLIHI)IH CLIﬁLIMHLIHLIFLIHa; X3 — paspsdaaapajblK Y3bIHIBIKKA,
X4 — KOCBUIAThIH HIaImaHaaTKbIIIT MenmepiHe; X5 — KOChLIaTbIH cyTeri JAOHOPBIHBIH MenmepiHe

4-cypet. 300 °C nmeiiiH KeHiJ *KoHe opTalla (paKkuusIap MBIFEIMBIHBIH )KEeKe TOyeNalTiKTepi
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JKyprizinren 3epTTeynep YHIIRIESKTPOATHl KYOBIPPa3psiAThl KOHJBIPFBIHBIH MYHAl TachIManuay
KYOBIPJIapBIHBIH KYMBICTHIK OCTTEpIHIE TY3UINeH MYHAH KaJIbIKTapbIiHA YJIEKTPTHAPOUMITYIILCTIK dCep €Ty
0acka TONKBIHABIK OICTEPMEH CalbICTBHIPFaH[a OipHEIIe apTHIKIIBUIBIKTApFa HWE CKEHIH aHBIKTayFa
MYMKiHOIK Oepai. EH angpiMen, Oyi y3imicci3-aFbIHABI PEKUMIE MPOLECTI KYPrizyre MyMKiHIIK OepeTiH
JKOHE OHTIPICTIK MapTTapaa eH THIMAI OOJBIT TaObUTaTHIH YHEM I Tocil. byman 6acka, o1 MyHai eHiMaepiH
apel Kapall TackIMaJay YOIH KOMIPCYTEKTI IIHMKI3aTThl OHISYMIH JKOFaphl JOPEXKECiH, JKEHLI
(hpaKIusIIapAbIH XKOFaphl IIBIFBIMBIH KAMTAMAChI3 €TE/II.
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A. K. Carsibanaus, b.P. Hycyn6ekos, 3.K. Aiitnaesa, ®3upt0up Ma, H.H. Omapos

BiinsiHue TPex3JeKTPOAHO-Pa3pPAAHbIX YCTAHOBOK Ha yJay4llIeHUe
(pM3UKO-XUMHYECKUX CBOMCTB He(hTenpoayKTOB,
TPAHCHOPTHPYEMBIX 10 HeQTenpoBoAaM

Croco0bl MOJrOTOBKU Macel ISl TPyOOPOBOAHOTO TPAHCIIOPTA, CBSI3aHHBIE C MEXaHUYECKUM BO3JEHCTBU-
€M Ha BBICOKOBSI3KHE M BbICOKOIIapahMHOBbIE MAciIa, CEroHs ABJIAIOTCS aKTyaJIbHOM MpoOaeMoi s Hedre-
nepepabaThIBalOKX 3aBoJOB. Kak m3BecTHO, Hanbosee MepCrIeKTHBHBIM Ha CETOAHSIIHUI JEHb SBISIETCS
METOJ DIEKTPOrHIPOUMIIYJIBCHBIX Pa3psioB, KOTOPBIA MO3BOJAET peryaupoBaTh CBOMCTBA MAacCIITHOW JHC-
TIEPCHOH CHUCTEMBI ITyTeM HU3MEHEHUs pa3MepoB U (pOpM CIIOXKHBIX CTPYKTYpHBIX equHUL. Co3maHHe HKOIO0-
TMYECKH YHMCTOrO IPOM3BOJACTBA MKHMJKOTO CHUHTETHYECKOIO TOIUIMBA IIPEAINOIAracT COBEPLICHCTBOBAHUE
TEXHOJIOTMH MOJIEPHH3ALMH BBICOKOBA3KOr0 HedTsiHOTO mpouecca. [ perenus 3Toi npobieMbl HaMu Obl-
JIa UCIIOJIb30BaHa TPEXAIEKTPOIHAS CUCTEMA 3IIEKTPOTUAPOUMITYIbCHOH 00paboTKU B KaHale HedTenpoBoaa
JUIsL yBEJIMYEHHS (PU3NKO-XMMHYECKOH XapaKTepUCTHKH TojaBaeMoii HeTu. B craTbe npuBeeHbl pe3yIibTa-
TBI 3KCIIEPUMEHTANBHBIX JaHHBIX. Takue pacdeTsl JOJKHBI IPOBOAUTHCS C YKA3aHHEM Pa3lIMYHBIX KIACCOB
COCIMHEHHUH, COJepKAaIINXCsl B BBICOKOMOJIEKYIIIPHBIX YTIIEBOJOPOIHBIX coennHeHusxX. [mybokoe m3ydenue
Me€XaHHM3Ma IPEBPALICHUI OpraHu4ecKOd Macchl yIJIEBOJOPOJHOIO COCIUHEHMsS SBIECTCS IPEANOCHUIKON
JUISL pa3pabOTKH HOBBIX BEICOKO((EKTUBHBIX IPOIECCOB IHAPHPOBAHUSL.

Kniouesvie cnosa: HedTb, HEPTENIPOMYKTHI, DIEKTPOJ, IJIEKTPOPA3PSIHAS YCTAHOBKA, yAapHBIE BOJIHEI,
€MKOCTh KOHAEHCATOpHOIl O6aTapeu, JUIMHA pa3psija, JOHOP BOAOPOAA, MAaTPHULA, KHHEMAaTH4ECKas BS3KOCTH,
BBIXOJ (ppaKIuu, opraHuuecKas Macca, TeMIepaTypa, 4acToTa.

A.Zh. Satybaldin, B.R. Nussupbekov, Z.K. Aytpaeva, Fengyun Ma, N.N. Omarov

The effect of three-electrode installations on the improvement
of the physicochemical properties of petroleum
products transported via pipelines

Methods for the preparation of oils for pipeline transport, associated with the mechanical effect on high-
viscosity and high-paraftin oils, are today an actual issue for oil refineries. As it is known, today the most
promising is the method of electrohydropulse discharges, which allows to adjust the properties of the oil
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disperse system by changing the size and shape of complex structural units. Creating of an environmentally
friendly production of liquid synthetic fuel involves improvement of the technology of upgrading a highly
viscous oil process. In order to solve this problem, we used a three-electrode system of electro-impulse
treatment in the pipeline to increase the physicochemical characteristics of the supplied oil, and the results of
the experimental data are presented in this article. Such calculations should be carried out with an indication
of the different classes of compounds contained in high molecular weight hydrocarbon compounds. A deep
study of the mechanism of transformations of the organic mass of a hydrocarbon compound is a prerequisite
for the development of new highly efficient hydrogenation processes.

Keywords: oil, oil products, electrode, electric discharge installation, shock waves, capacitor battery capacity,
discharge length, hydrogen donor, matrix, kinematic viscosity, fraction yield, organic mass, temperature,
frequency.
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DNEeKTPruIPpaBIUKAJIBIK JAICIIEH KbLIIYyTAPATY
KYOBIpJIapbIH KATThI KAJIBIKTAPIAH Ta3ajay

Makasa KbUTyalIMacCTBIPFBIUTAP/bI Y3aKMEp3iMai MHaiinanaHy OapbiChlHIA KYOBIPIApIbIH IKOHE
KYOBbIp TYHiHIepiHiH imKi OerTepinie Kak KabOaTTapblH KypaWThIH IIeriHAiIepAl Tasanay oficiHe
apHaiael. KaTTel KakTap >KbUTyanMmacy YIAEpiCiHIH THIMAINITIH aiTapibIKTall TOMEHIETeTiHAIKTEH,
oJIapAbl Tazalay[blH omicTepi KapacThIpblUigbl. KyObIpiaapapl KakTaH Ta3apTy MOcelselepiH LIemry
YIIiH SkaOAbIKTap/AblH OpTYpii Typiiepi KojmaHeutyna. OnapablH OapiibIFbIHAA KOJIAHBLIYbIHA
OailIaHBICTHl ©3 epeKIIeNiKTepl MeH ImeKkTeynepi Oap. ©3 ToxipubeMisne KbLUIyaaMmacy KaOIbIFbIH
Tazanay OoiiblHIIa OapibIK naiaa OGoNaThIH OHIIPICTIK MIHASTTEpAl LICHICTIH JKAJFbI3 SIIC JKOK
eKeHIHe KO3XKETKi3AiK. AmaparTap MeH KyOBbIpIap/sl Ta3ajayra apHaJFaH KaOIbIKTEIH opOip TYpiH
KEe3eKTel KOJIaHFaHJa KOWBUIATBIH MIHACTTEp.i IIelryre MyMKiHIIK TyblHAaiabsl JKeuiyaiamacy
OeriHieri KarThl KaJIBIKTap[bl Ta3alaylda KOJNJAHBUIATBIH JKaHa ojicTepaiH Oipi —
AIIEKTPTHPABIUKAIBIK OMIC. DICKTPTUIPABIMKAIBIK KOHIBIPFBIHBI d3ipiiey Ke3inae OacThl Hazap
KBUTy aJIMACTBIPFBIIITAPABI JKOFapbhl OEPIKTIKTETi KaKTaH Ta3apTy MYMKIHIITiHE ayaapbUiibl.
CoHpaii-ak  OChl KaOABIKTBI KYPY Ke3iHIE KOHIBIPFBIHBIH BIKIIAM/IBUIBIFBL, TEXHOJOTUSHBIH
Kayilci3airi, IOBIFBIH MaTepHalfapblH OapblHIIA a3 MaiifajJaHy MaHBI3IBl KPHUTEpPHUH OOJIBL
DJIEeKTPruApaBINKAIBIK SIICIICH Ka3bIK KYObIpJIap/ipl Ta3ajay Ke3iHZeri mnapameTpiep YChIHBUIIBL.
Toxipube HOTHKeJepi FBUIBIMH JKOHE NPAKTHKAIBIK TYPFBIIAH KbI3BIFYLIBUIBIK TYIBIPaAbl. ¥3aK
KOHE Y3[IKCI3 KYMBIC Ke3iHIE XXYMBICTBIK 3JEKTPOJ IHEH OHbIH OKMIAyJIaMachIHbIH KbICKAapybIHa
GailTaHbICTBl MOJNMATWICHMEH OKIIAayJaHFaH MBICTBl ©3CKIIETi OJICKTPOATBHIH  OJILIEeM/CPiHe
OailIaHBICTBI THIMII apaMeTpiepi TaHmauibl. DIEKTPOrHAPABINKAIBIK KOHIBIPFBIHBIH Oipereitiri
OJ1 KOFapbl OEpIKTUIIKTEri KaTThl KaJABIKTap[bl Ta3ajayra KaOijerrti, an OipkaTap jkarmainappa
TOJIBIK OiTeNreH KYOBIpIapabl Ta3anayra MyMKIHIIK Oepeni.

Kinm ces3dep: snekTprufpaBiavkaibiK 3Q@EKT, KYMBICTHIK JIEKTPOJ, ayaylbl YIIKbIH/BI apaliblk,
UMITYJIbCTI paspsiaTap CaHbl, )KYMBIC KepHEYi.

Kburyanmmacy kaOIbIFBIHBIH HETI3r TachIMAIAYIIBICKI OOJNBIT Cy TaOBbUIAABI, OHBIH KATTHUIBIFBI
Kb MEH MarHuil TOOBIHBIH EPITUITCH TY3IapbIHBIH KOHIICHTPANUSACHIMEH aHbIKTananael. Cy KalHay
TEeMIIepaTypachlHa JICHiH KbI3FaH Ke3/I¢ KATTBUIBIK TY3bl €PIMEHTIH KOCBUIBICTAp TY3€i, OJ JKBUIyalIMacy
arperaTTapblHbIH JKYMBIC OCTiHE MIOTiN, OJapIblH TEXHHUKAJBIK CHIIATTaMallapblH TeMeHjeTedi. JKpury
TACBIMAIIJIAFBIIITEIH  OCBIH/AH JKaOJBIKTBIH JKYMBIC OeTTepiMeH y3aK OailaHbICBl TeMIp TOTBIKTHI
IIOriHAVICPiHIH Taiga 0oy YaepiciH KocbiMina aaMbiTaasl. COHIBIKTAH JKbUIyajMacy armapaTTapbl
Tazanayel KaxeT eresi. CyMeH jka0bIKTay ®KoHEe KBUIBITY XKYHEIepiH Naianany Mep3iMiH y3apTy, oJapabl
nmaiiianany camachlH apTTBIPY VINIH JKBITYaJIMACTHIPFBINITAP/BI, KBUIBITY JKYHWENEpiH, Ka3aHIbIKTap.IbI,
KaiHATKBIIITAp/bl, CyMEH Xa0JbpIKTay OaKTapbhlH KaKTaH, JKaybIH-IIAIIGIHHAH XOHE OaNIIBIKTaH KEIICHITI
Tazanay KakeT. JKbUTyaIMacTBIPFBIIITAPABI Ta3ajlay bl 2—4 sKpuiia KeMminze Oip peT opeiHaay kepek. Keitbip
TEXHOJIOTFSUTBIK YIIepicTep/ie MyHIal Tazajiay >KYMBICTAPBIH JKBUIBITY Ke3eHI OITKeHeH KeiiH (6 aiimaH)
Tazajay KakeTTiri TyblHmadael. Ce0eOl aimblH aja JKbUIyFa OCpIAreH CYIObIH KypaMbl TOJBIFBIMCH
TazapThlIMaca HeMece TeMIIEPaTypalIbIK TOPTINTI caKTaMaFaH JKarnaima. by sxarnaiina sKbuTy TEXHUKAIBIK
KYHeIep TOJBIK KaHTapbIMMEH MXYMBIC icTeMeimi. MBIcanbl, KbUTy paauaTOpJIapblHAAFbl INOTiHALIED
TOTEpre KbUTy OCpuTyiH TOMEHIETEeNi, al CyMeH >XaOAbIKTay >KYHEeCiHIEeri KOKBICTAp CYABIH CalachlH
HaIapJiaTajsl XKOHE JKHi aIlaTTHIK JKaFaaiFa oKele/Ii.

Keimyanmacy anmapatrapblH HeMmece KyObIpiapisl TasasiayJblH KemTereH jxkoijapsl Oap. Ockhl
TOCUTHCpAIH ~ OpKAWCBICBIHAA  ©3iHIH  apTBHIKWIBUIBIKTAPEl ~ MEH  KEeMIIUTKTepi OapIIBbLIBIK.
JKbuTyamMacTRIPFRIIITAPIBl Ta3aJIay SICTEPiH aKBIPATy apKbUIBI J)KOHE aKBIpaTHai iCKe achIpy JAer 0eyre
0oanbel. MbicanFa MEXaHHUKAIBIK Ta3aiay Ke3iHJe a0 bIKThI )KBUTY TOpaObIHAH aXXbIpaTy — MIiHJETTI MIapT.
Bapiblk KbUTY anMacTBIPFBIIITAPABIH KUHAIMAIB KYPBUIBIMBI JKOK OONFaHABIKTaH, OyN Ta3zamay Tociii
JIOHEKEpIICHTeH YIIriiep/ie KOJAaHbIIMANWbpl. MeXaHUKaNbIK Ta3alay KUl XUMUSUIBIK 3aTTapJblH apHaNbI
epITIHAUIEPIH MaiaagaHa OTBIPBIN, XUMMSUIBIK SIicTepMeH OipikTipinemai. XblayanMacThIPFBIITAPABI TEK
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KOJMEH Ta3apTy ©Te¢ Keml EHOEKTI KaKeT eTeTiH yjaepic. XUMHSIBIK Ta3ajlay oJICiH MEXaHUKAJBIKIICH
OipikTipe Tazaiayda algbIMEH JKbUIYAJIMACTBIPFRIIITAPABI aXKbIpaTy, apHAWBl EPITIHAIrE CalBI OHIEY,
KaliTaaH >KWHAY >KYMBICTaphl OpBIHAANAnbl. JKBUTyaaIMacTBIPFBIIITAPALI Ta3alayAblH Keneci Oip Typi —
TUAPOAVMHAMUKAIBIK omic. [ MApOAMHAMHKAIBIK OMIiC CY aFbIHBIH JKOFapbl KBICBIMMEH Oepill, COHBIH
apKachIH/a JIaCTAaHY/BIH Kell OeJIriH Oy3y jKoHE epiTy apKbUIbI iCKe acajpl. [ MIpoAMHAMUKAIIBIK Ta3apTyAbl
KYPrizy Kes3iHae KaOIbIKThl aXXbIpaTy KaxeT (KyObIpibl KypbUTbIMaapAaH Oacka, oflap YIIiH MiHAETTI eMec).
OJIicTi OpBIHAAY YIIIiH apHAKbI )ka0abIK Kepek. COHIBIKTaH OYJ1 9JTiC ©3iHiH JKOFaphl THIMJLIITIHE KapamMacTaH,
KCH TaparaH oK. | miIpoIHaMHKaJIBIK Tazajay skaOabIFbl 6T¢ KbIMOAT, OHBI CATHII aly JKHi THIMCI3.

JKburyammacThIpFRIIITap bl Ta3anayAblH €H KOl TapalfaH dfici — XUMUsUTBIK. Kak OeTTeH XMMUSIIBIK
peareHTTepaiH ocepiHeH >Koibuianpl. [llaromblH XUMHSUIBIK TOCITI Ke3iHAE >KbUTyaJIMacTBIPFBIIITAPIBI
QXBIpaTy KaKETTUTT TybBIHAAMAaWAbl. XHUMHSUIBIK TOCUIMIH KEMIIUTIKTEpiHE KOpIIaraH OpPTaHbBIH
JIACTaHYBIHBIH JKOFaphl BIKTHMAJIBIFBIH J)KOHE XUMHUSUTBIK SPITIHAIHIH Tepire HeMece MIBIPHINThH KaObIKTapFa
TUTCH JKaFai/ia afjlaM ar3achlHa YJIKSH 3USHBIH XKaTKpI3yFa 0onaspl. COHBIMEH KaTap OYJI o/1ic KBLTy Tapary
KYOBIpJIapbIH Ta3apThill KOMMai, KyObIp MaTepHaliblHa J1a ©3 9CEPIH THTI3II, OHBIH KAOBIPFAChIH JKYKAPTHIII,
KBI3MET €Ty YaKbITbIHAH €pTe ICTEH MIBIFapabl.

JKburyanmmacThIpFRIIITAPABI Ta3apTYIbIH KeNecifiel OipHelne 3aMaHayy JKOJapbl 0ap: 3JIEKTp, JIEKTp-
MEXaHUKAIIBIK, KaBUTALUSJIBIK, THEBMATHKAIIBIK, KOJIEM/I 030Hay. bipak Oy Tocimmep Oipimi-KapbiM kKaF-
Tarmapaa KOJIAaHBUIBI, OJap bl MalJaaly epeKIelirine OaimansIcTe oMOeberr icke acmayaa [1-3].

Atanran Mocernesepre OaWIaHBICTBI JKBULY Tapary KyOBIpJIaphlH KaTThl IIOTIHAUICPACH Tazayay
MaKCaThIHJa OJJICKTPTUAPABIMKAIGIK  KOHABIPFBI  KHHAKTAIABL.  ODJIEKTPTUIAPABIUKANBIK  KOHIBIPFBI
KOPEKTCHIipy OJOTrbIHAH, KOHACHCATOPJIAPJAH, TYPJICHIIPTIII apaiblKTaH, >XYMBIC 3JICKTPOJTapbIHAH
typansl (1-cyp.). KoHmencaTopimapablH SHEPIHsCH CYHBIK OpTara OaTBIPBUIFAH 3JICKTPONTAPABIH >KYOBIHA
Oepinmeni. Paspsa KambImracysl Ke3iHIE SHEPTHUSHBIH 0achIM 06JIiTi KYMBICTBIK 3JISKTPOATAP apachIHIAFbI
CYMBIK OpTa KeJeMiHe kymcamanbl. by kemepri 1maMachiHbIH, KOHIBIPFBIHBIH O0acka OemiKTepiHe KaparaH/aa,
YKYMBIC apHACBIH/IA KO O0NAaTHIHIBIFEIMEH TYCIHIIPTCTI.

Hozmeic
INMEKTPOAEI

H,0
(TexomambX Cy)

Kopexrenzipy | | HMIyIbCTiK -y SHeprHs KHHAFbIL - AyaJibl YIIKbHABI
~220B ) GIIOTbI | TOK rexeparopbl KOHJeHCaTopiap APUBIK

Kax

1-cypeT. DNeKTpruipaBIuKaIbIK KOHABIPFEIHBIH OJIOK CYII0ACHI

KoHmpIpFel Kenecified Typae KYMBIC iCTeHAl. DIIeKTpoa IMeriHaiiepi 0ap KyOBIpABIH Ta3zajaHATHIH
TopabbiHa eHrizineni. KyOsIpABIH Kepi KaFbIHAH Cy aFbIHBI Oepiieni (MbICabl, SJICKTPCOPFHIM, CY KYOBIPHI
KpaHbl apKbUIbl). AWHBIMalbl TOK KO3iHEH HMIIYJIbCTI I'eHepaTopra KepHey Oepimil, olaH KeliH ayajbl
VIIKBIHIBI apalibIKThI TECIMT ©Tyre KAXKETTI SHEPrus KOHJEHCATOpJIapFa JKUHAKTANAbl. Ayasbl YIIKBIHJIbI
apaJIbIKTa KaJIBITITACKaH UMITYJIBCTI pa3psi sKYMBICTBIK AJIEKTpoaTapra Oepieni. OnapasH apachiHaa COKKBI
TOJKBIHAAPE MEH THAPOCOKKBUIAp K631 OONBIN TaOBUIATHIH JJEKTp pa3psabl makima Oomamsl. COKKBI
TOJIKBIHAAPHI MEH CY COKKBLIAPHI 9CEPiHEH MIeTriHAUIep KYObIp KaObIprajapblHaH a)<pIpar, MaijaanaHajibl
KOHE Cy aFbIHBIMEH KYOBIPABIH ilIKi O6JiriHeH MbFapbUIaib.

DNEeKTPrUApaBIMKAIBIK 9CEePIli XKY3ere achlpy KOPEKTEHY KO3iHJC SHEPTUSHBIH CaJBICTBIPMANBI TYPIC
Oasty KWMHATybIHA JKOHE OHBIH CYHWBIK OpTaga ic OJKy3iHOE OKbUImaM OenmiHyiHe OaliIaHBICTHI
OJIEKTPrUAPABIMKAIBIK OCEPIIH HEri3ri opeKeT erTymn (akTopiaapsl ABIOBIC KOHE MbIOBICTAH IKOFaphl
KBUIIAMJIBIKTaFbl COKKBI TOJIKBIHIAPBIHBIH Taia 0OybIHA OKENIETIH XKOFaphl )KOHE aca JKOFaphl UMITYJIbCTIK
THJIPABITUKAJIBIK KBICKIM OOJIBIN TaOBbLIabl; CEKYHIBIHA Y3 METPre JKETETIH KbUIIAMIBIKTAPMEH 1CKe acaThiH
CYUBIKTHIK KOJEMIiHIH €0yip MMITYJIbCTIK aybICYbl, CYWBIKTBIKTBIH CAIBICTHIPMAIIBI YIKCH KOJIEMIH KaMTyFa
KabiIeTTi KyaTThl MMITYJIBCTI Taiiga OOJaThlH KaBUTAIMSUIBIK YIepicTep; HH(Gpa- KOHE YIBTPAIbIOBICTHIK
coyseneny; 0ip-OipiHEeH Kell KYpayIIblIsl KATThI ACHETIep Il 3apa epiTyal JKy3ere acklpyFa MyMKIHIIK OepeTiH
aMIUTUTyaIapbl 0ap MEXaHHWKAJbIK PE30HAHCTHIK KYOBLIBICTAp; KyaTThl JIICKTPMArHuTTi epictep (OH
MBIHJIaFaH dPCTE); KAPKBIH/IBI UMITYJIbCTIK JKapBIK, JKbUTY, YIBTPAKYJTiH, COHIAi-aK PEHTTEHIK COYJIeIeHY.
Bapinbik ockl (akTopiap CYHBIKTHIKKA KOHE OFaH CaJbIHFAH HBICAHJApFa (PH3UKAJBIK JKOHE XUMUSIIBIK 9Cep
eremi. MbIcaybl, KaBUTAIUSIIBIK ayaibl KEHICTIKTEPJIH JaMybl MEH JKapbUIybl Ke3iHae maiaa OoaThiH
CYHUBIKTBIKTBIH COKKBUIBIK OpBIH aybICTBIPYJIAphl METAIUT €MeC MaTepualiapibl Oy3yFa JKOHE pas3psi
aliMarbIHa KaKbIH OPHAIACKAH METAJI OOBEKTINIEPiH IIACTHKAIBIK Je(hOpMaIUsICHIH TYIAbIpYFa KaOiaeTTi.
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3nekTprugpaenukanblk o4iCreH Xoly TaparTy...

DNEeKTPrUApaBIUKAIBIK 9cepre ijiece KYPeTiH KyaTThl HMHQpa- >KOHE YIbTPaAbIOBICTHIK TepOermicTep
yCcaKkTaJfaH MaTepuaigapibl KOCHIMIIA IUCIIEPralusiaibl, ipi OOBEKTUICPIiH JKEKEeJIEreH KPHUCTaJIBIK
OeJIIeKTepre Pe30HAHCTHIK OY3BUTYBIH TYBIHIATAJbl, CHHTE3JH, TOJHMEpPICY/IiH, COPOIMSIBIK >KOHE
XUMUSUIBIK ~ OalaHbICTAapAbIH  Y3UTyiH, KapKbIHABI ~XUMHSUIBIK — YACPICTEpIi  Ky3ere achIpassl.
DJIEKTPMArHUTTIK Pa3psi opicTepi Ae pa3psAATHIH ©31HE J1e, OHbIH KOpIaFraH CYHBIKTHIFbIHAH ©TETIH HOHIBIK
yaAepicrepre Ae KywmTi acep eremi. OnapablH dcepiHeH OHAENETIH MaTepuaia opTYpJi (U3HKAIBIK KOHE
XMMUSUIBIK e3repicTep 00Iybl MyMKiH [4—06].

3epTTey KYMBICTaphl Ke3iHae y3biHabiEbl 100 MM, quamerpi 32 MM KYObIpJIapabl Tazajgay sKYMBICTaphI
Kyprizinai (2-cyp.). KyOsipnapabiy imiki 6eTiHaerT KaKThIH KaJbIHAbIFbI KATThI KaObIpFalaH CeNTereH Ke3ue
9 MM ekeHi aHbIKTanAbl. KyOwIpablH imiki auameTpi 32-MM-feH 14-MM-re A€iiH a3alifaHIbIKTaH, ColKec
JeHreiine OepineTiH CyHBIKTBIH MeJiepi e KeMuai. TasapTeuryblHa Kapai, 3JeKTpo] KyObIpAbIH OapibIK
Y3BIH/IBIFBI OOMBIHIIIA KapaMa-Kapchl JKaKKa JACHiH Ko3ranaasl. bip KyObIpAbI Ta3apTKaHHAH KEHiH 3JIeKTPO.
KeJeci KyObIpFa CalIbIHbII, Ta3ayay )KYMBICTAPbI KaJFacThIPhLIa b

a) auametpi 32 MM KyObIp 9) KyOBIp AuameTpi OOMBIHIIA KaKThIH (OTOCYpETi
2-cyper. Imki OeTiHae KaTThl TY3UTICTEp KaJbINTAaCKaH JKbLITYaIMaCThIPFbIII

KeimyTapaty KyObIpiapblH Ta3anay >KYMBICTapbl MMIYJbCi paspsarap caHblHbIH (n=50+150) >xoHe
JKYMBIC KepHEYiHIH opTypii mamanapbiHaa opeiHAanabl (U=5+25 kB). Anbiran moniMmerTep OOHBIHIIA
KYOBIpABIH iMIKi OETiHIH KaTThl KAJIABIKTapAaH Ta3apTeuly gopexeci (G) ansikrangs (3-cyp.).

G, %
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3-cypet. KyOrIpabIH imKi O€TiHIH KaTTHl KAJIIBIKTApJaH Ta3apThLUTy JOPEeKECiHIH
JKYMBIC KePHEY1 MEH HMITYJIBCT] pa3psaTap CaHbIHA TOYEIALIIT

ONEeKTPrUApaBINKANBIK 9IiC KOMETIMEH a3blK JKBbUIy TapaTy KYOBIpIapblH eHJICY Ke3iHae KYObIp
OeTiHJeTi KaKThIH OipTe-0ipTe KOMBUTATHIHBI OalKaIbl:

— UMITYJILCTI pa3psii CaHBIHBIH TYpakThl MoHiHAE (n=50) >xymbic KepHeyi mamamen U=5 kB Gonranna
KaTThl KaJIJIbIKTapAaH Ta3apThily mopexeci G=13 %-ne1 Kypaca, kepuey U=10 kB-ke e3reprinrenue
G=17 %, U=15 B ke3inge G=22 %, U=20 kB-ta G=30 %, U=15 kB ke3iHne *bu1y Tapary KYOBbIPbIHBIH
Tazapteuty gopexeci G=41 % Gonsl;

— UMITyJIbCTI paspsarap caHblH n=100-re e3reprim, KyYMbIC KepHeyiHiH mamacbkiH U=5 kB + 25 kB
apalbIFbIHA apPTThIPFaHa KYOBIPABIH 1IIKI OCTiHIH KATThl KaJIJIBIKTapJaH Ta3apTeury aopexeci G=21 %-nan
56 % apanbIFbIH KYpasbl,
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— UMITyJIbCTI  paspsarap canbl n=150 ke3inae >kyMmblc KepHeyiHiH mamackin U=5 kB + 25«kB
apalbIFbIHA ©3TePTill KBUIyTapaTy KyObIpJapbelH eHIETeHe KYOBIPABIH iIKi OeTiHIH KaTThl KaJIbIKTapIaH
TazapTeuty Aapexeci G=30 %-man 73 %-ra apTTHL.

Toxipube OapbICBIHIA KYOBIpIapABl Taszajay YIIH OPTYPAl JKYMBIC SJIEKTPOATAPBHIH MakgaiaHy
KYMBICTaphl >KYprizingi. KaxeTTi ayeKTpoATHl TaHzam aly MakcaThlHIa OipHeIle Ta3apTy ChIHAKTaphl
OpBIHAAABL. ¥3aK XOHE Y3MIKCI3 JKYMbIC KE31HIE >KYMBICTBIK 3JEKTPOZA IIE€H OHBIH OKIIAYyJIaMachIHbIH
KbICKapysl Oalikanmel. JKpUTy TapaTy KyOBIpiapblH TaszapTy kesinae PK75 wmapkambl pamuoXKHUTIKTI
KOaKCHaJIbl KaOebAepi JKYMBICTHIK 3JICKTPOATApP PeTiHAe Naiaanansuiasl (1-kecte).

l-xecrte
PK75 mapkaJibl 21eKTPOATAPAbIH cUaTTaMachl [7]
. . ki eTKi3rimm Okaynamacsl
benriuienyi - -
MaTepHa JuamMetpi (d, Mm) MaTepuai okmay auametpi (d, Mmm)

PK75-2-11 0,37 2,2+0,1

PK75-4-12 0,72 4,6+0,12
PK75-4-12 0,78 4,6+0,12
PK75-4-15 Mgic 0,72 IMonusTunex 4,6+0,12
PK75-4-16 0,78 4,6+0,12
PK75-7-11 1,13 7,25+0,15
PK75-9-13 1,4 9,0+0,15

Kymbic pexxumi 3IEKTPOATHIH KBICKAPYBl OKIIayJaMaHbIH KbICKApybIHaH achlll KETETIHACH eTin
Tagaanangsl, cebedl SNEeKTPOATHIH apTHIK Y3bIH Oejiri maiga Oonblm, paspsaTapAblH maina Oomy
JKarmaiapelH KYPT HarmapjaTaapl, TiMTI KbICKa TYMBIKTANy Taima O0dysl MYMKIH. DJIEKTPOATHIH TO3YHI
OKIIayNayJblH TO3YbIHAH acaThlH KAXKETTI PEeXXHMIl KaMTamachl3 €Ty YIIiH 3JeKTPOJ| MeH OKIIaylaysblH
oenrimi Oip muamerpiepi TaHmanasl (2-kecte). PK75 kabenbaiH imIki ©3eTiHIETI CHIM JKYMBIC JKYPTizy
OaphIChIHIA OATKYBI CallIapbIHAH KhICKAPaIbl.

2-KecTe

7KbL1y TapaTy KYObIpJapbIH Ta3apTy Ke3iH/Ie 3JeKTPOATHIH Y3bIHABIFbIHA §aii1aHBICTBI MAJTIMETTED

PK75-2-11
Vivmysberi _ KYMBIC kepueyi U=10 kB . >K¥M'I>I'C kepueyi U=20 kB
1K ©3€eTiHiH OKIIAaybIHBIH 11K ©3€eriHig OKIIayIBIH
PaspsL Cartel KBICKapysl (/, MM) KpIcKapysl (L, Mmm) KbICKapyHl (/, Mm) KbIcKapysl (L, Mm)
100 0,7 0,9 1,1 1,4
200 1,1 1,3 1,6 2,2
300 1,6 2 2,2 2,6
400 2 2,2 2,8 3,3
PK75-4-15
100 0,4 0,6 0,7 0,9
200 0,7 0,8 1,1 1,3
300 1,3 1,5 1,6 1,8
400 1,5 1,7 2,1 2,4
PK75-9-13
100 0,2 0,2 0,5 0,4
200 0,5 0,4 0,9 1,1
300 0,9 0,8 1,3 1,4
400 1,2 1 2 2,1

2-kecreae kenrtipiired manmiMerTepaeH PK75-9-13 mapkaibl 3eKTpOATHI JKbLIyTapary KYObIpiIapbiH
Ta3apTy Ke3iHae maijajgaHraH THIMII eKeHiH OalkaiMbi3. By 31ekTpoAThiH 0Oacka MapKaibl
ANIEKTPOATAPMEH CaNBICThIpFaHaa imki e3eriHiH (d=1,4 MM) X0HE CHIPTKHI OKIIAYBIHBIH JAHAMETPIICPiHIH
(D=9,0+0,15 mm) KanbiH OoiybIHA OaHTaHBICTHI TYCIHAIPLICT.
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ONEKTPTUAPaBINKANBIK 9iC JKbUTYyalIMAaCTBIPFBI KOHIBIPFBIIAPBIHBIH KBI3ABIPY JKOHE CaJKBIHAATY
OCTTEepiHIH JKBUTY OTKi3y KaOUIeTIH KaJllblHA KeNTIpyre, KbUTy aJIMAaCTBIPFBINI — anmapaTTapablH,
KBUIBITKBIIITAP/BIH, CAJNKBIHAATKBIIITAPABIH, Oy JKOHE Cy JKBUIBITKBII Ka3aHIBIKTapAbIH, OpTYpI
MaKcaTTarbl KyObIp KyHeNnepiHiH jkoHe 0acka Aa OObeKTiNepIHiH IlIKi JKOHE CBIPTKBI OeTTepiH KakTapaaH
TazapTyFra MYMKIHIIK Oepei.
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A K. Xacenos, b.P. Hycyn6exos, /1.2K. Kapabekona,
M. Croes, I'.A. bynkanposa, A.T. Kymkan6ekos

OuncTKa TenjopacnpeaeJanTeJbHbIX TPYO
3JIEKTPOTrHAPABIMYECKHM CIIOCOOOM OT TBEpPAbIX OTJI0KEHHUI

CraThs NOCBSIIIEHa METONY OYHCTKH OTJIOXKEHHH TPyO M TPpyOHBIX ITy4KOB, OOpa3yIOIMMXCsl HAa BHYTPEHHHUX
MOBEPXHOCTAX MPH JUIUTENBHOM HCIOIb30BaHUH TEMIOOOMEHHHKOB. B CBfA3M ¢ TeM, UTO TBEpAbIE HAKHUIIN
3HAYUTEJILHO CHIKAIOT 3(GQEKTUBHOCTD IpoLecca TeII000MeHa, ObUIM PACCMOTPEHBI METObl UX OYHCTKH.
Jnst perienust mpo6aeM O4YUCTKU TPyO OT HAKUIU UCIIONB3YIOTCS pa3iuyHble BUAbI oO0opynoBaHus. Bee onn
UMEIOT CBOM OCOOCHHOCTU M OTPAHHYEHHs B 3aBUCHMOCTH OT MX MpuMmeHeHus. Ha cBoeM ombite MbI yoeau-
JIMCh, YTO HET EAUHCTBEHHOTO CHOCO0A PEIIeHUs BCEX BO3HUKAIOIINX MPOU3BOJCTBEHHBIX 3a/ad 110 OYHCTKE
TEII000MEHHOT0 00opynoBanus. [Ipy mocienoBaTeIbHOM MPUMEHEHUH Ka)XKIOTO BHAA 000pYIOBAaHUS UL
YHCTKH allapaToB M TPyOOIPOBOJOB BO3HHKAET BO3MOXKHOCTH PEIICHUS ITOCTAaBIEHHBIX 3agad. OmHuM U3
HOBBIX METO/IOB OYHCTKH TBEPABIX OTXOJIOB HA TEIUIOOOMEHHBIX OBEPXHOCTSIX SBISIETCS DIICKTPOTHIPaBIIH-
yeckuii metof. Ilpu pa3spaboTke NEKTPOTUAPABINUECKOH yCTAHOBKM OCHOBHOE BHHMAaHHE OBIIO yAENeHO
BO3MOXHOCTH OYHCTKH TPyOOHPOBOJOB OT HAKUIM BBICOKOW MPOYHOCTH. Takxke BaKHBIM KPUTEPHEM IPH
CO3/[aHUU JJAHHOTO 000pYIOBaHMS CTalIHM KOMIAKTHOCTh YCTAHOBKH, O€30MaCHOCTh TEXHOJIOTHUH, MHHUMAIIb-
HOE HCITIOJIb30BAHUE PACXOJHBIX MaTepuanoB. IIpeoxeHbl mapaMeTpsl IPH OYUCTKE MIOCKUX TPYO 3nek-
TPOTUAPABINYECKUM METOAOM. Pe3ynbTaThl IpakTUKK MPEJCTABIAIOT UHTEPEC C HAyYHOH M IMPaKTUYECKOH
TOYKH 3peHus. IIpu [mTensHOM M HenpephIBHOH paboTe BBHIOMPAIOTCS ONTHMANBHBIC ITapaMeTphl MEIu C
H30JIMPOBAHHOM HOJMATHICHOBOM N30JSIUEH, B CBSA3U C COKpPAIIEHHEM pabodero 3JIeKTpoia U ero N30JISIHUH.
YHHKaJIBHOCTH 3JI€KTPOTHPaBIMIECKON YCTAHOBKH 3aKJIFOUaeTCsS B TOM, YTO OHA CIIOCOOHA OYMCTHTH TBEP-
JIbI€ OTXO/IbI BEICOKOH TPOYHOCTH, a B Ps/IE CITydaeB MO3BOJISIET OUHUCTHTH MTOJHOCTHIO 3aCOPEHHBIE TPYOBI.

Knioueswie crosa: anexrporuapaBnuueckuit 3¢ Gpekrt, pabouunii 3MeKTPO, BO3LYIIHBIH HCKPOBOU MPOMEKY-
TOK, YHCJIO UMITYJIbCHBIX Pa3psIoB, pabouee HAPsHKEHUE.

A K. Khassenov, B.R. Nussupbekov, D.Zh. Karabekova,
M. Stoev, G.A. Bulkairova, A.T. Kulzhanbekov

Cleaning of heat distribution tubes by electrohydraulic method from solid waste

The article is devoted to the method of cleaning the deposits of tubes and tube bundles forming on the inner
surfaces with long-term use of heat exchangers. Due to the fact that solid scale significantly reduces the
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efficiency of the heat exchange process, the methods of their purification were considered. Various types of
equipment are used to solve the problems of descaling tubes. All of them have their own characteristics and
limitations depending on their application. In our experience, we have seen that there is no single way to
solve all the emerging production tasks for cleaning heat exchange equipment. With the consistent application
of each type of equipment for cleaning devices and pipelines, it is possible to solve the tasks. One of the new
methods of solid waste treatment on heat exchange surfaces is electrohydraulic method. During the
development of the electrohydraulic installation, the main attention was paid to the possibility of cleaning
pipelines from scale of high strength. Also an important criterion for the creation of this equipment was: the
compactness of the installation, the safety of technology, the minimum use of consumables. The parameters
were proposed when cleaning the flat tube by electrohydraulic method. The results of the practice are of
interest from a scientific and practical point of view. With long-term and continuous operation, the optimal
parameters of copper with isolated polyethylene insulation are selected, due to the reduction of the working
electrode and its insulation. The uniqueness of the electrohydraulic installation is that it is able to clean solid
waste of high strength, and in some cases allows to clean silted tubes completely .

Keywords: electrohydraulic effect, the working electrode of the air spark gap, the number of pulse discharges,
the operating voltage.
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Determination of the repulsive force of an electromagnet
to provide the necessary clearance from the skip along the entire length
of guides of electromagnetic lifting installation

The finite element method was chosen as the method of modeling physical fields in electric machines.
As the method of modeling physical fields in electric machines a finite element method was chosen. In the ar-
ticle a formula to express an imbalance between the energy stored in a magnetic field and the energy provided
by the supplied electric current in this field, under given boundary conditions is used. It has been established
that the experiment, planned by the Plakett-Berman matrices, makes it possible to obtain a multifactorial pol-
ynomial model of the «lifting vessel — conductor» system, which establishes a relationship between the val-
ues of static loads in this system and the operating conditions of the mine lifting systems. The proposed finite
element method of considering a permanent magnet as a nonlinear source of a field makes it possible to
abandon additional iterations when searching for working points of a magnet. The developed mathematical
apparatus takes into account the distribution of magnetization over the cross section of a permanent magnet
and identifies non-identical operating points of different magnet elements, which allows to calculate the fields
created by the joint action of several current windings and permanent magnets with different orientations in
nonlinear and anisotropic media with regard to their mutual influence.

Keywords: skip gap, magnetic field, analysis, modeling method, permanent magnet, kinetic energy, potential
energy, finite elements method.

The finite element method is based on the calculus of variations [1-11]. In the general case, the
variational representation assumes the use of a function based on the Hamilton principle (the principle of
least action) [12]: the transition of the system from one state for the time instant t1 to another state for the
time instant t2 occurs so that the minimum of the integral:

J.th —> min,

where the integrand Q is the force function (Lagrangian) of the given system. In turn, the Lagrangian can be
regarded as some functional of the integral type in the volume of the system (object) under consideration.
The extremum of this functional is determined by the stationarity condition characterizing the change in the
system. The Lagrangian has a direct physical meaning and represents the difference of two terms of the
energy type [2]:

Q=W.-W,,
where W, reflects the kinetic energy, which varies according to the quadratic law as a function of partial de-
rivatives; and Wp describes the potential energy.
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Thus, by the theorem on the total potential energy in a state of stable equilibrium, kinematic displace-
ments are allowed that minimize the total potential energy described by such a functional. For the stationary
regime and the specific time moment, the Lagrangian of the system Q — min must be minimal.

If the energy density components are known in the two-dimensional problem, then integration over the
domain S is necessary to determine the functional [3]. For example, for an electrostatic field in a two-
dimensional space (xy) the energy functional has the form:

=% g{g{%f +g(%j2 2 pv}dxdy .

The generalized functional for stationary thermal, electric, and magnetic fields can be represented in the

form [4]:
_1 do 2 de
2{}]{[{( yj + ( xj 2R(p}dxdy

So the functional in the case of a plane-parallel magnetic field has the form [5]:

BZ

Q, = f yf (.([HdB —JC,Ajdxdy = %fyf [ I (B =27 crA}dxdy =

0

2 2
:lﬂ o4 +v(%j A |=2J pdxdy .
2% \ay dk

This function expresses an imbalance between the energy stored in the magnetic field and the energy
provided by the supplied electric current in this field, given the boundary conditions.

It can be shown that minimization of such a functional corresponds to a solution of the Poisson
equation. We use the positions of the calculus of variations. If the functional is minimal at the point x_0, then
dQ/dx|x 0= O-I . This means that the change or the first variation of the functional 6Q (otherwise dQ) at
this point should be zero. In this case,

8Q|x0 ( Q)8x|x0—0
Then:

4\ :
191 a(zzw@
dy
= ff {v—a( J JCTSA}dxdy 0.
4

Given that S(d—AJ = i(6161) ud (d—AJ = P (SA) the last relation becomes

B(dAJ —2J ;04 |dxdy =
dy

dy ) dy dx
dA d dA d .
30 = ff [v—— (84)+ Ed—(SA)}dxdy— fyf j8Adxdy = 0.
The Green formula is used for
dUu dV dU dv
dxdy =
ff[dy dy " dx dx} e ff [

here G is a border area; nx, 1y are the components of the unit external normal 1.

U dUu
}d dy+j [—m Em}d@
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Then

0’4 0°4 04
00 =— || V04| — + — |dxdy + |vO—dG — || j_ dAdxdy =0
Q {{ |:6y2 ax2 :| y OV an j);}[.]cm Yy

or

d*4 d*4 dA
g vs,{ PR }dxdy + i ~v8d—dG+ f yf J . 8A4dxDy =0..

If the integrals over the domain (x, y) and the boundary G are independent, then

[[ve4 A, d4 dxdy + [|J.;84dxDy =0
b Ld d o

j ved™ G =0
. dn

In view of the arbitrariness of the choice, we take dA # 0 [6]. Then, for the representation of the
continuous computational domain by piecewise linear media, that is, the set of elements with the
independence of the magnetic permeability from the (X, y) coordinates within each element, for the

region S one can write
d [ +i(ﬁj+‘,g:0.
dy \dy) dx\dx

aa_y,
dn

The first relation is the Poisson equation. Since the solution of the problem is considered achieved when
such a distribution of the potential A is found, taking into account the boundary conditions at which the func-
tional is minimal, the principle of the minimum of the total potential energy is mathematically equivalent to
the differential equation in the sense that the potential distribution satisfying this equation will also minimize
the stored energy [6]. The second relation shows that for MCE the condition of continuity of a function on
the boundary is natural and is fulfilled automatically, since the continuity conditions of the field at the
boundaries of the elements are satisfied. Taking into account the boundary condition of periodicity and the
mixed boundary condition require certain procedures. Physical fields can be nonlinear and anisotropic, both
in media properties and in exciting factors. The functional for a two-dimensional magnetic field in the
presence of magnetic anisotropy of steel and permanent magnets has the form

2 2
1 dA dA M. am
- = | ¥ =1 |=2 2 — ~+J dxdy.
QA 2[;[ V{dyj Vy(dkj [dx d CT) e

X

For border G:

In this functional, as in the corresponding equation, due to the vector nature of A, the subscript indices
of the parameter of the characteristic of the medium in the generalized functional for the electrical equation
change places, in comparison with the relations for the scalar functions T and V.

For a plane-dimensional section of an axisymmetric problem, we introduce a new variable, the stream
function ¥ = Ar. Then the differential equation acquires symmetry with respect to the coordinates, and the

function takes
1 LAY avY |1 dM . dM
- sy | =] |==2v r——=4J dzdr.
R ZQHZVZ(WJ vr(dz)}r ( dz dr CT)} =

The functional for a two-dimensional thermal field for anisotropic thermal conductivity, coinciding with
the coordinate axes of anisotropy, and taking into account the boundary condition for heat transfer, has the
form
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1 dr Y’ drY 1,
QT :E{!{XY(EJ +}\,y(d—yj —2PT}dxdy+£—(EaT _PGT)dG

ere: G is the portion of the heat exchange boundary with a cooling medium with a boundary condition char-
acterized by the heat transfer coefficient o and the specific power of the heat sources at the boundary PG.
The last integral reflects the retracted / supplied energy across the boundary of the region [13].

For two-dimensional problems of mechanics, from the principle of a minimum of the total potential
energy it follows that the transfer functions of equilibrium systems minimize the functional Qc. In this case,
the displacement field satisfies the equations of equilibrium and compatibility. The total potential energy is
equal to the difference between the internal energy W1 and the work done W1:

Q, =W, -W, =gff[DT0+21TRs]dxdy—hIITRGdG,
xy G

where D and ¢ are strains and stresses, respectively [14, 15].

Since the deformation is a partial derivative of the displacement vector with respect to the coordinates,
and the deformations themselves are determined by stresses, the minimized functional is defined, as for the
functionals considered earlier, by the second degree of these partial derivatives (including).

This functional, because of the vector nature of the displacements, differs from the previous functionals,
in addition, the components of the displacement vector along the X and y axes are interrelated. Consequent-
ly, the methods of processing the force field functionals must differ from the methods for processing the
functionals of the magnetic, thermal, or electric fields.

Conclusions

1. Static loads on conductors arise due to the static imbalance of the lifting vessel, the influence of the
magnetic field of the electromagnet, and the deviation of the conductors from the vertical. The static
imbalance of the lifting vessel arises as a result of the displacement of the center of gravity of the laden ves-
sel relative to the geometric center due to the uneven loading of the rock mass, as well as the eccentric sus-
pension of the skip to the electromagnet.

2. The experiment planned for the Plackett-Berman matrices allows to obtain a multi-factorial poly-
nomial model of the «lifting vessel-conductor» system, which establishes the relationship between the static
loads in this system and the operating conditions of mine lifting systems.

3. Analysis of the obtained model shows that in order to reduce static loads on the conductors of the
guiding devices, it is necessary:

— adjust the values of the lateral and frontal gaps between the conductors and the guiding devices of the

lifting vessel;

— compensate the magnetic field of the electromagnet;

—achieve a decrease in the deviation of the center of gravity of the lifting vessel from its vertical axis;

center the vessel.

4. A lifting vessel having increased gaps in the upper guiding devices at great depth provides effective
resistance to lateral deflection forces.

5. The electromagnet serves as a damper for static loads on conductors, and its weight must be taken
into account when analyzing the forces in the lifting system.

6. Dynamic loads on box-shaped conductors in the lateral and frontal direction are commensurable.
The amplitude of loads in the lateral direction is 10... 15 % less than in the frontal direction.

7. Adjusting the gaps between the guide devices of the lifting vessel and the conductors allows to re-
duce dynamic loads by 20... 30 %.

8. The number of cycles of oscillations of the conductor after dynamic contact with it of the guide de-
vices of the lifting vessel reaches several tens. This indicates the presence of alternating loads, which leads to
an increase in the mechanical fatigue of materials, a decrease in the durability of the elements of the guiding
devices.

9. The energy functionals of different physical fields in the finite element method are formulated and
justified and their interrelation with differential field equations is shown.

10. The proposed finite-element method of considering a permanent magnet as a nonlinear source of the
field makes it possible to abandon additional iterations in the search for magnet work points. The developed
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mathematical apparatus takes into account the distribution of magnetization along the section of a permanent
magnet and finds the non-identical operating points of different magnet elements, which allows calculating
the fields created by the joint action of several current windings and permanent magnets with different orien-
tations in nonlinear and anisotropic media, taking into account their mutual influence.
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Bb.A. Xayrukos, Puag Taxa Anb-KacacOex, A.A. AilikeeBa, A.P. EpxxanoB, A.K. Asranos

DJIEKTPMATHUTTi KOTepMe KOHABIPFBICHIHBIH 0apJbIK 0aFbITTAYIBLIAPbIHBIH
Y3bIH/bIFbI 00/ibIHIIIA CKHIITEH KAKeTTi CAHBLIAYIbI KAMTAMACHI3 €Ty YUIiH
3JIEKTPMATHUTTI AybICTBIPY/bIH KYIIiH AaHBIKTAY

OexTp MalIMHANApbIHIA (QU3UKAIBIK OpICTEepAi MOAENBACY 9JiCi PeTiHe COHFBI 3JEMEHT dMICi TaHJaJIbL.
Makanasa MarHuT epiciHe CaKTaNaThIH SHEPTHs MEH OCHI OpicTeri OepiireH 3JIeKTp TOFBIMEH KaMTaMachl3
STUIreH SHEPTUSHBIH apachlHIarbl LIEKCi3 jKarnaiylapibl aHbIKTaiThiH (GopMyna Konpaueuigsl. Ilnakert-
bepMman MartpuianapslH KOJJaHy apKbUIbl JKOCIIAPIAHFaH SKCIEPHMEHT OChl JKYHeAeri CTaTHKAaJIBbIK
KYKTEMENepiH MOHJEepI MEH MLIaXTalaplblH KeTepy >KYHeslepiHiH >KYMbIC >Xaraailiapbsl apachlHIAFbl
KaTbIHACTap/ibl OCNTIIEHTIH «KOTEPTilll TYTIKIIE-OTKI3rilD KYHECiHiH MyIbTH(AKTOPIIBI MOTHHOMHSIIBIK
MOJIEJTIH alyFa MYMKIHAIK Oepexi Aem aHbIKTayFaH. TypakThl MarHUTTI CBHI3BIKTHI CHI3BIK KO31 peTiHae
KapayIblH COHFBI DJIEMEHT OICI MarHMTTI JKYMBIC HYKTENepiH i3[ey Ke3iHIe KOCHIMINA HTepanysgaH
Gacrapryra MyMKiHIiKk Oepeni. [laMblfaH MareMaTHKAJIBIK alapaT TYPAKThl MarHUTTIH KOJJCHEH KHMAachl
OOMBIHIIA MAarHUTU3ALUSHBIH TapalyblH e€CKepelli KoHe opTYpJli MAarHUTTIK dJIeMEHTTepIiH Oipmeil emec
JKYMBIC HYKTENEpiH aHbIKTaiAbl, Oy ojapAblH e3apa ocepiHe OalaHbICTBI CBHI3BIKTBI €MEC JKOHE
AQHMU30TPONTHI OpTaJapaa OPTYPJi OaFbITTaFrbl TYPAaKThl TOK MarHUTTEPi MEH TYPaKThl TOK MarHUTTEPiHiH
OipJiecKeH opeKeTIMEH ECEeNTEeNeTiH KeH OPbIHIApPBIH eCenTeyre MyMKIHIiK Oepei.

Kinm ce30ep: ckunl OTKI3TilUTIri, MAarHUT OpICi, TanAay, MOICIBILY OiCi, TYPAaKThl MarHUT, KHHETHKAJIBIK
SHEPrHsl, AIEYCSTTI SHEPTHsl, COHFBI JIEMEHT J/IICi.
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Onpenesnenne CUJIbl OTTAJIKUBAHUS 3J1€eKTPOMATHUTA
1JIs o0ecredeHus1 He00X0UMOT0 3a30pa OT CKHUIIA MO BCeil AJIMHe
HANPABJSIIOIIUX JJIeKTPOMATHUTHOM MOIbEMHOMH YCTAHOBKHU

B kauecTBe MeTOaa MOACIMPOBAHUS (U3NUECKHX IOJICH B 3JIEKTPUYECKUX MAIIMHAX BbHIOpaH METOH KOHEY-
HBIX 3JIEMEHTOB. B craTbe ucnonb3oBaHa GopMyiia IUis BBIPAKEHUS JucOaaHca MEeXAy SHEpruel, 3amnaceH-
HOHI B MarHUTHOM TIOJIe, U Heprueil, obecneunBaeMoil MOABEAEHHBIM IIEKTPUIECKHM TOKOM B 3TOM IOJE,
IIpYU 3aJaHHBIX T'PAHUYHBIX YCJIOBHUSX. YCTaHOBIICHO, YTO 3KCICPUMEHT, CIUIAHUPOBAHHBIM IO MaTpULaM
IInakerra-bepmana, M03BOJISET MOTYYUTh MHOTO(AKTOPHYIO IOJIMHOMHUATIBHYIO MOJETb CHCTEMBI «IIObEM-
HBII COCYI—IIPOBOJHHKY», KOTOpPasl yCTAHABIIUBACT CBA3b BEIUYUHBI CTATUYECKUX HAIPY30K B 3TOH CUCTEME
C YCJIOBHSAMU IKCILTyaTallMH IIAXTHBIX IOJBEMHBIX KOMIUIEKCOB. [Ipe/yiosKeHHBIN KOHEUHO-2JIEMEHTHBIH Me-
TOJ PACCMOTPEHUS MOCTOSHHOTO MarHUTa Kak HETMHEHHOro MCTOYHHUKA TOJISI MO3BOJISIET OTKA3aThCs OT J0-
MOJTHUTEIBHBIX UTEpAlMii IPHU Moucke pabouux Touek MarHuTa. Pa3paboTaHHBIH MaTeMaTHYECKUN ammapar
YUYHUTBIBAET PaACIpPEEICHHOCTh HAMArHUYEHHOCTH TI0 CEUYEHUIO IMOCTOSHHOIO MarHuTa M OCYIIECTBISET Ha-
XO0XKIEHHE HETOXAECTBEHHBIX PabOYMX TOYEK Pa3HbIX 3JIEMEHTOB MAarHHUTa, YTO IMO3BOJISIET PACCUMTHIBATH
10715, CO3/IaHHBIE COBMECTHBIM JIEHCTBUEM HECKOJIBKUX TOKOBBIX OOMOTOK U ITOCTOSIHHBIX MarHHTOB C pa3-
JIMYHOU OpUEHTAlMEH B HEIMHEHHBIX U aHU30TPOIHBIX CPEJax ¢ y4eTOM UX B3aMMHOIO BIUSHHUS.

Knrouegvie cnosa: 3a30p CKUIla, MarHuTHOC I10JI€, aHaJIn3, METOA MOACIUPOBAHUA, TIOCTOSTHHBIN MarHur, Ku-
HETUYCCKas SHCPTU, NOTCHIHUAJIbHAaA SHEPI'Hs, METOA KOHCYHBIX 3JICMEHTOB.
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EpkiH TypOy/IeHTTi aFbIHIIAHBI IKCIIEPUMEHTTIK 3epTTey

Makanaza welFap KUMachl KBaapar GpopMaibl COINIOAAH aFbIIl IIBIFATHIH €PKiH TYPOYJICHTTI arblHIIAHBIH
JaMy IUHAMHUKAachl 3epTTeni. 3epTTIeyliep arblHIIaFa CBIPTKBI ocep TYCIPUIreH JXKoHE TYCipiIMereH
Karjainapapl Koca KaMTuabl. TepMOaHEMOMETPHiH KOMEriMeH IKbULIAMIBIKTBIH OpTalla JKOHe
NyJIbCALMSIBIK MOHIEpPI OJLICHAl, TypOyIeHTUIKTIH AeHreiepine Tamaay skacanapl. Coriomad
TapajaTelH epKiH aFblHIIAHBIH OJIIIEMCi3 AaCKbIH TEeMIepaTypachIHBIH OCh OOHBIHIAFEl e3repicrepi
3epTTeNi. AFBIHIIANAFBl aFBICTBIH KYHBIHABIK KYPBUIBIMBIH 3€pTT€y YIIH TEepMOaHEMOMETPMEH
OJILICHETIH, OCLMUIOrPadThIH HSKPaHbIHAA CaKTAJaThlH JKBUIAAMIBIKTBIH JIE3[iK IIYJIbCALHSICHIHBIH
Ka3bUIybl oici KONZaHbULABL. TepMOaHEeMOMETpPAIH KeMeriMeH  IKbUIIAMIBIKTBIH OpTalla KoHe
MyJIbCALMSIIBIK MOH/AEPi, TYPOYICHTTUIIKTIH AeHreinepi (TypOyIeHTTINIKTIH KapKbIHABUIBIFGI) OJIIICHII.
KBUTIaMIBIKTHIH ITyTBCAIMSICHIHEIH JIE3]IIK ©3TepiciHIH oCHMmIIorpaMMallapblHa Tajljgay jkacay Heri3iHpe,
ipi MacmTaOTHI OIpIHII PETTIK KYWBIHIAP IBIH Hai1a 00Iybl )KOHE OJIap/IbIH COIUIOAAH ANbICTayhl Ke31HIeT1
Jamy KHLTIKTepi ecenTeminl. Kb IaMIBIKTIH JE€3dIK TYIbCAUACHI Ja0bLUIBIH CO3Y OCHMILIOTPaMMAChIHA
Tanjay okacay OKbUIIAMIBIK TepOeniciHiH HakTel OepinreH JkuimikTepi Oap eKeHIIriH KepCeTTi.
XKbmaMIpIKTEIH OChl TepOeiicTepi OacTankpl OesiMilene epKiH IIeKapaiblK KadaTTarbl ipiMacliTaOThI
JVICKPETTIK KYWBIHAAPABIH MNaiifa 00y XHIIKTepiMeH oI Keleli. AFBICTHIH OOHBIMEH TOMEH COILIOHBIH
mIBIFAap KUMAachIHAH aibICTaraH CaWblH OipiHmI peTTik KyHbIHIapAbIH Oip-OipiMeH ocepiiecyl KoHE
ONIApABIH OCIHIH Heri3iHAe IpiJleHyl HOTIDKECIHIE YJIKEH aMIUIUTYJadbl TOMEHT1 IKHITIKTeri
JKBIIIaMIBIKTApIBIH TepOenici maina 60mIsl.

Kinm co30ep: comno, epkiH arbIHIIA, TypOYJICHTTI arbiC, JKCIIEPUMEHTTIK 3epTTey, JKbULAAMIBIK HKOHE
TeMIeparypa npopuiIbIepi.

Kipicne

errap kuMacel KBajgpaT ¢GoOpMaibl COIDIOAAH aFbIll INBIFATBIH €pKiH TypOYyJCHTTI aFbIHIIA
JKBUIIAMIIBIKTBIH JIbIOBICKA JEHIHTI Juamna30HbIHIA 91 KeH Typae 3eprreiameii kemeni. Erepae kmaapar
(dopmaiel MmbIFap KUMaHbIH €Ki Kapama-Kapchl JKaFblH TYPaKThl KbUIBII YCTall, OJapFa NMepHeHAUKYISp eKi
JKarblH CO3aThIH 0OJICAK, OHJA TIKTOPTOYPHIIITHI COIUIOHBI ajambl3 (AHBIKTAYBIII MapaMeTp — CO3BLIY
napamerpi A, MyHAarsl A=a/b, a — IUbIFap KUMaHbIH Y3BIHABIFBL, b — IIbIFap KUMaHbIH €Hi). MyHnai
COIUTO/IaH IIBIFATHIH arblHIIA yinenmemzai. OcelHaal ymenmeMai TypOyJIeHTTIK epKiH aFbIHIIAIap Kajibl
MonbiHaH 3eprrenred [1-13]. An, Gac akTa aWTbUIFaH IIbIFAp KUMAachl KBaapar (opMaibl COILUIOAAH
TapaiaThlH aFbIHIIAHBI ajaThlH Ooscak (4=1), oHxa ochkl OAFBITTBI KAMTUTHIH KEHOIp a3/laraH >KYMbICTapAbl
raHa atam Keryre 6omazsl [5, 10, 14, 15]. KBagpar ¢opmains! msiFap KUMackl 6ap COIUIOIAH aFbII MIBIFATHIH
TypOyJIEeHTTI aFbIHIIAHBI TiKeJeW SKCHEPHUMEHTTIK 3epTTeyre KaTbICThl [16] >KYMBICTBI aWTHII KeTyre
Oomangsl. Bynm KymbIcTa COIUIOA@H aFblll LIBIFATBIH TypOYJNEHTTI €pKiH aya arFbIHIIACBHIHBIH OpTaria
JMTHAMUKAIBIK CUTIATTaMalapbl KEHIHEH 3epTTeNl. 3epTTey aFbICKa CHIPTKHI ocep (aKyCTUKAJBIK) TYCipiireH
JKOHE TYCIpiIMereH Ke3/epe Je Ky pri3iii.

ATasnFaH )KyMbICTa OCBIH/Ial aFbIHIIAHBI apbl Kapai 3epTTey HOTHXKeJepl KOPCETUIreH.

Oxcnepumenmmik 3epmeynep yuiin annapamypa

Taoxipube 1-cyperre kepceTiyreH KOHABIPFbI kKeMmeriMeH xyprizinai. KengerkimTen (1) mbIKKan aya
BUOpOCeHipymi eTneneH (2) THIHBIUTHIK KaMmepackiHa (3) Keuninm Tycim, comaH coH Topiap (4) xaue (5)
apKbUIBI KBaZpaT (hopMaibl IBIFBIC KECKiHI Oap comtonad (6) arbIl MIBIFAIbI.
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1 — xengerkiu; 2 — BUOPOCOHAIPYI ©TIE; 3 — THIHBILITBIK KaMepachl; 4 — TY3€TY TOpJIapbl; 5 — KbI3AbIPbUIATHIH TOD;
6 — comno; 7 — auHamuk; 8§ — Iuro Tyrikmeci; 9 — mMukpomanomerp; /0 — garuuk; [/ — CTM-02 tunri
TEPMOAHEMOMETPIIIK OJIOK Ky#ieci; 12 — dazanbik Tanaay 650rel; /3 — IOBIOBICTHIK TEHEPATOP

1-cypert. Toxipubemnik KOHABIPFBIHBIH ChI30achI

AFpIHIIAHBIH Heri3ri Oeniri kesneHken acnan MAB-451-ain sxyMbiciibl Genirinae opHanackad. OHBIH
KOMETIMEH aFbICTBIH KOJICHKENi JIe3/iK CypeTiH 3epTreyre Oonaabl. AFBIHIIAFA OCEp €Ty THIHBIIITHIK
KamepaJia arbIHIIAHBIH HIBIFBIC KECKiHIHE (PPOHTAIABI TYpAe OpHaiacKaH, Kyarbl 50 Bt OonaTeiH 1uHAMHK
(7) xemerimeH icke achlpbuIIbL JIpIOBIC reHepaTopbiHan (13) AuHAMHUKKE CUHYCOWAanbl nadbu1 Oepinei,
CoraH OalyIaHBICTHl AFbIHIIAHBIH IIBIFBIC KECKIHIHAE TaHAANl aJblHFAH SKUUTIKTET] >KbUIIaMIBIKTHIH
CUHYCOHJIABI TepOermici makga 0onanel. OpTaina KeUIIaMIBIK TIeH AHHAMUKAIBIK KbICEIMJIBI OJIIIeY YIIIiH
[Muro tyrtiri (8) men MMH-240 mapkanbsl MukpoMaHoMeTp (9) KOJAaHBLIIBL.

JKymbicta Tepmoanemomerpiik Omok kyieci (11) xommanbuabl. ON CHI3BIKTAHBIPBUIFAH IIBIFBIC
CHTHAJIIBI JKbUIIAMIBIFBI Oap KOCApHAIBI TEPMOAHEMOMETPIIIK JKYHEIeH, TeMIepaTypaHbl TYPICHAIPTillITEeH,
¢azanbiK Tanaay 6noreHad (12) Typansl. COIUIOHBIH CHMMETPHSIIBIK YIII 6ci OoibiMeH [InTo TyTikieci MeH
natuvkTiH (10) opHaNacyb! yemnmeM i KOOpJMHATHUK KOMETIMEH )KY3ere achIpbiaibl.

Burommuckuit popmynackl 0oibIHINIA, TPOPUIBACHTEH MIbIFAp KAMAChl KBaapaT (GopMalibl COIUIOHBIH
KOHCTPYKIMSICHI 2-CYypeTTe KOPCETUIreH (CypeTKe KOCBhIMIIA KOOpAMHATa OChTepi caibiHbl). COIUIOHBIH
ceiFbLTy Jopeskeci ¢ =10 (c=F / F,, myunarbl F; — COIUIOHBIH Kipy ayqaHbl; I, — OHBIH LIbIFY ay/aHbl),
COILIOHBIH OHiKTiTi 90 MM-TE TEH.
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1 — cormmo KaObIpracel; 2 — COIIO TaFaHbI
2-cyper. lIbirap KAMachl KBaapaT pOPMaIbl COIUTOHBIH KOHCTPYKIIUSACHI
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Anvinzan Hamuoicenep icane 01apovl manoay

AFBIHIIAIAFEl aFBICTBIH KYHBIHABIK KYPBUIBIMBIH 3€pTTE€y YILIIH TEPMOAHEMOMETPMEH OJIICHETIH,
ocIuIOrpad TEIH 9KpaHBIHAA CAKTAIATHIH SKBUIIAMABIKTBIH JIE3/IK ITyJIbCAIIMACHIHBIH JKa3bUIybl OMiCiH
KOJIJaHy KaxeT.

TepmoaneMoMeTp/iH KOMETiMEH OJKBUIAAMABIKTBIH ~ OpTamia JKOHE MyJNbCALMSUIBIK  MOHZEDI,
TypOYJICHTTUTIKTIH ~ AeHrewnmepi  (TypOYJCHTTUNKTIH  KapKBIHOBUIBIFBI)  OJIICHII. JKeurnaMmIabeIk
MyJAbCAUACHIHBIH JIE3JIK ©3TepiCiHiH OCHUUIOrpaMMallapblHa Taijay jkacay HeTi3iHAe ipiMaciuTaOThI
OIpiHII PETTIK KYHUBIHAAPABIH Makia 00yl )KOHE OJIAp/IbIH COILIONAH allbICTAYhl KE31HJIET1 JaMy KHULTIKTepi
€CemnTeNiHal.

KBUTIaMABIKTBIH ~ JIE3MIK IyJIbCAlMACHl JTaOBUIBIH CO3Y OCHIJUIOTpaMMachlHAa —Tanjay oKacay
KBUIJAMIBIK TepOemiciHiH HaKThl OepiireH uinikrepi Oap exeHAiriH kepcereai. JKbUIZaMIBIKTHIH OCHI
TepoOemicTepi OacTankpl OemiMIee epKiH MeKapaIblK KadaTTarbl ipiMacmTaOThl TUCKPETTIK KYHBIHIAPABIH
marima 00y JKUUTIKTEpIMEH 107 Kejemi. AFBICTHIH OONBIMEH TOMEH COIUIOHBIH INBIFAp KHMAaChIHAH
aypIcTaraH caiblH OipiHII PeTTiK KyWbIHAapAbIH Oip-OipiMeH acepiiecyi >KoHe oJapAblH OCHIHBIH HeETi3iHIe
ipiJieHyl HOTIDKECIHIE YJKEH aMIUIMTYIallbl TOMEHI1 XUUTIKTETi >KbUIAaMABIKTapAbIH TepOerici maiiga
Oomnanpl.

ConbIMeH KaTap onapAblH GoHbIHAA OipiHII PeTTIK KYWbIHAApPMEH TYCIHAIPIIETIH )KOFapFbI KULTIKTEr
KBUIJAMIBIKTAPBIH IYJbCAlMACH cakTananbl. Mplcald peTiHAe 3-CypeTTe arFblHIIAaHBIH OcCi OoibIHIIA
OPTYPJTi KAIIBIKTBHIKTapAa, x/b TmapaMeTpiHiH (kKamuOp) opTypili MOHIEpiHAE albIHFaH IIbIFAp KUMAachl
KBazpar QopMmanbl COIUIONAH TapajaThlH aFbIHIIAHBIH OCTIK IKBULAAMIBIFBIHBIH  ITyJIbCALIMSCBIHBIH
OCLMIIIOrpaMMaapbl KOPCETUITeH.
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6) a)

A=1,U,=20,7m/c; f=0; y=0; z=0; U)— 6acTanKsl *KblIIaMIBIK;
f— CBIPTKBI aKyCTHKAIBIK dcep KUiiri; a) x/b=2; 0) x/b=6; 2) x/b=10; 6) x/b=18; B) x/b=26; ) x/b=30

3-cyper. llIsIFap KUMackl KBaapaT GOpMajIbl COIUIOIAH TapajaThblH aFbIHIIAHBIH
0cCi OOUBIHAAFHI YKBUTIAMIBIK TYJIHCANUSACHIHBIH OCIIUILIOTpaMMaliapbl

3epTTey KOPCETKEHIICH, OpTallla >KbUIIAMIIBIKTHIH KeMyiHe OaiIaHBICTBI OIpJIK yaKbITTa NATYUKTIH
JKaHbIHAH OTETIH KYWBIHAAPABIH caHbl a3asabl. OChl HOTIDKENEPJICH IIBIFATBIH KOPBITBIHJBI: COIUIONAH
aFbICTBIH OOMBIMEH anblcTaFaH CalblH KYyHBIHIAp KillipeKk KyHWblHIapra OeniHOedi, KyHbIHAApIbIH CaHbI
apTHaiipl, al OHBIH ececiHe YJKEH pa3Mepii ipi Ky#blHOapra Oipiryi xepiHeni. EkiHIIl j>kaFbIHaH, OCHI
TONTAPABIH ImIiHAETi opOip KYWBIH ©31HIH JKEKEJIriH COIUIOHBIH IINBIFAp KWMAachlHAH ©Te YIIKEH
apakarbIKTRIKTa cakTai amazas! (30 kamuOpre melin) )KoHe KbUIIAMIBIK ITYIhCAITUSACHIH TYFBI3a b

JKyMmbicTa epkiH aFbIHIIAHBIH MyJbCALMSIIBIK CHIATTaMajiapbl a 3epTTeiii. Onmeynep >Kyprisiimec
OYpbIH TEepMOAHEMOMETP TapUPOBKAIAHBUIABI. OCTIK MakcuMall >KpUiiamablkka (U,) IIaFbUIFaH >KoHE
Oacrankpl kbpuUIIAMIbIKKa (Uy) [arblIFaH  OCTIK  KBUIIAMJBIKTBIH — MYJNbCAIMS  KaPKBIHBUIBIFbI

(TypOyIeHTIIKTIH MHTCHCUBTLIII) €, KOHE €, Keneci GopMysanap KOMEriMeH aHbIKTalIbl:
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GOMBIHAFE! KEPHEY/IiH OpTAIIaKBAPATTHIK MyIbCAIHSCH]; £, — GacTankbl kepHey; £, — TapUpOBKAIBIK
rpaduKTiH KOMETIMEH aHBIKTaIFaH KOd(pduUImeHT, VU — XbULIAMABIKTBIH OCTIK OpTalla KBaJPaTTBIK

IMyJIbCalusACHI.

errap kuMacel KBajpaT ¢GopMaibl COIUIONAH UIBIFATHIH  aFBIHIIAJAFBl  TypOYJICHTINIKTIH
MHTEHCHUBTUIITIHIH 0Ch OOWBIMEH Tapally 3aHIBUIBLIKTAPHI 4- KoHE S-cyperrepne kepcetiiren. CypeTTepacH

KepeTIHIMI3IeH, eki xKarnaina xa (scep O6ap »oHE KOK Ke3Jepie)€, kKoHe &, eKeyine OacTankpl Aa Kiar

JKOFapbl KOTEPLIE/, OJaH COH €, TOMEHJCYl OaliKanabl, all €, ©cy KapKblHbI apbl Kapai skasraca 6epei.
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A=1;f=0;U,=20,7wm/c
4-cyper. AFbIHIIAIAFEl TYpOYJISHTUTIKTIH HHTCHCUBTUITIHIH OCBTIK Taparybl

JKympicTa mpFap KMMachkl KBaapar (popmasbl COIUIOAH aFbIll MIBIFATHIH €PKiH aFbIHIIAHBIH KOJJICHEH
KUMAJapbIHJIAFbl  JKBULIAMIBIKTBEIH  MPOGUIbIAepi  3epTTelai. OKCIEPUMEHT HOTHXKeNepi 6-cyperTte
kopceTiiren. Toxkipule arbIHIIAFa CBIPTKBI 9CEp TYCIPUINeH Ke3Je jKacaiblHbl, ocep xuimiri f =421 1y
TeH. CypeTTeH KopeTiHiMi3aen, KoJIeHeH KuMallapAarbl )KbITIaMIBIKTBIH MPOQHITBACPiHIH OMOeOaNTHUIBIFBI
(adunai Topizaectik) 6 kanubpaeH (x/b=6) Oacranasl.

AFBIHIIAHBIH IIBFY KAMAchblHIA TeMIlepaTypaHblH Oipkenki mnpodwimiH amy KesiHge OiprinaMa
TEXHUKAIBIK CHIIATTAaFbl KUBIHABIKTAp Ke3jaecTi. Onap, OipiHIIIACH, YCaK YSAUIBIKTHI HHKEIbh TOPIaphl

TaHJAIFAHJIBIKTAH, CKIHIIIJeH, KOHTAKTLIl KBICKBIITAPJALIH Oip-OipiHe >KaKblH OpHAIACKAHIBIFBIHAH
JKOMBIIIEL.
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5-cypet. AFbIHIIAAAFEl TYpOYIEHTUTIKTIH HHTCHCUBTIITIHIH OChTIK Taparybl
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U, =20,9 m/c; f =421
U — Kke3 KkenreH HYKTC,Z[eFi KBUIAAMIBIK; ) s — MaKCHMaJl bl KXbIJIIaMIBIKTBIH XapPTHICBIHA (Um / 2) colikec y

6-cyper. llIprrap kuMachk! KBaapat GOpMaibl COTUIONAH aFbIM MIBIFATHIH
€pKiH aFbIHIIAHBIH KOJJICHESH KUMaJlapbIHAAFb! KbIIIaMIBIKTHIH TPOoQHIbaepi

OcblraH 0alIaHBICTHl COIUIOHBIH IIBIFAP KUMACHIHJAFBl TEMIIEPATypaHbIH MPOGUIiH OipKeNKi e
ecenteyre Oomanbl. TeKk COIUIOHBIH IMIKI KAKTapbIHAH KBUTY CBHIPTKA TapajaThlH OOJbICTap/a as3jaraH
aybITKynmap Oaiikanaabl. COHABIKTaH COIUIOHBIH IIBIFAp KUMACBIHIAFbl TEMIEPATypaHbIH KOJJICHEH
npoduiHiH TIKOYpHINTH (hopMaaH aybITKyblH MHUHMMYMFa JKETKi3y YIIiH COIUIOHBIH IMIKi KaKTapbl
CBIPTKBI OpTa/iaH MEHLITIHIIIE OKIIAYJIaHIBIPBIIIBL.

XKywmpicTa mBIFap KUMackl KBajparT (OpMaibl COIUIOJAH aFbINl IIBIFATHIH AFBIHINIAHBIH HETi3ri
OeiMITieciHieri, 9PTYpl KOIJICHEH KUMallapJarbl OpTalia TeMIepaTypaHblH eJIIeMci3 Mpoduiibaepi
KepcertinreH (7-cyp.).
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U=21w/c;f=0; AT, =30°C

AT — arbICTBIH Ke3 KeJNTeH HYKTECIHAETi TeMmepaTypa MEH KOpIIaraH OpTajarbl TEMIICPATYPAHbIH AMbIPBIMBL;

ATm — arbIC 6Cl MEH KopHiaraH opTaJarbl TEMIICpATypa aﬁLIpLIMLI; AT(')— COIUVIOHBIH HIbIFap KUMACBIHJAArbl JKOHC

KOpLUAFaH OPTAaHbIH TEMIIEPATYPANap albIPbIMbL; V, s — MAaKCHMAaJI/Ibl JKbUIIAMABIKTBIH KapTICHIHA (U, /2) coiikec y

7-cyper. llIbIFap KUMachl KBapaT (OpPMabl COILTIONAH TaPAIaThlH CPKiH
aFBIHIIAHBIH OJIIIEMCI3 aCKbIH TeMIIepaTypachIHbIH 6C OOMBIHIAFI 63repici

JKorapwinarel CypeTTeH KOpeTiHIMi3/IeH, KeJJeHEeH KUMamapaarbl TeMIiepaTypaHblH NpoduibIepiHid
OMO€e0aIThIILIFLI HET13I1 O0JIIMIIIEHIH Oac )KarbIHaH OacTaJIbII, asgFblHA AEHIH JKaaracalbl.
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I'. Toneyos, M.C. HUcaraes, K .K. Celinynna, A. locanosa, XK. Tonen

JKCIEePUMEHTAIbHOE HCCJIeJ0BaHUe CBOOOIHOM TYpOy1eHTHOM CTPYH

B crarbe npuBeeHbI pe3yabTaThl HCCIIEA0BaHU AMHAMUKY Pa3BUTHs CBOOOAHOH TypOyIeHTHO! CTPYH, BbI-
TeKalolleil U3 coIula KBaJpaTHOro cedyeHus. VccieqoBaHUs NPOBOAMINCH KAaK IPU HAJIMYMU BHEIIHEro BO3-
neiictBust, Tak W Oe3 Bo3umedcTBuA. CpenHMe M IYJIbCALMOHHBIE 3HAYEHHS CKOPOCTH HW3MEPSUIMChH
C UCTIONIb30BaHUEM TepPMOaHOMETpa, ObUT IPOBENCH aHAIH3 ypoBHs TypOymeHTHOCTH. MccnenoBamucs Oe3-
pa3MepHbIe MPOQHIN TeMIepaTypbl Ha OCH CBOOOJHOHN CTPYH, BBIXOAAIIEH M3 comta. s mcciemoBaHMs
BUXPEBOIl CTPYKTYpPHI MOTOKA HCIOJIL30BAJICS METOJ] MTHOBEHHOH IMyJBCALMN CKOPOCTH, U3MEPEHHBIH Tep-
MOaHEMOMETPOM ¥ 3a()MKCHPOBAHHBIH Ha dKpaHe ocmwiuiorpada. CpeHHe M IyJIbCAI[MOHHBIC 3HAYCHMS
CKOPOCTH, YPOBHS TypOYJIEHTHOCTH (MHTCHCUBHOCTH TYypOYJEHTHOCTH) U3MEPSIIN C IOMOIIBIO TEPMOAHEMO-
MeTpa. Ha ocHOBe aHaiM3a OCLMIUIOrPaMM MIHOBEHHBIX MYJIbCALUH PACCUMTAHBI YaCTOTHI PA3BUTHS IPH I10-
SIBJICHUM KPYNHOMACIITaOHBIX BUXpEH NEPBOrO MOPSJIKA U NPU MX YAAICHHHM OT COIUla. AHAIn3 OCLHILIO-
rpaMM HONEPEeYHONH MIHOBEHHOW MyJIbCALlMU TOKA3all, YTO KOJEOAHUS CKOPOCTH UMEIOT OIpPEACICHHBIE Yac-
TOTBL. DTH KOJeOaHUs CKOPOCTH, MPOSBIIAIOIINECS HAa Ha4aJbHOM Y4acTKE, B TOYHOCTH COBIIAJAIOT C 4acTo-
TaMU KPYITHOMACIITaOHBIX AWCKPETHBIX BUXpeH, oOpa3ylomuxcst B CBOOOJHOM IorpaHmdHoM cioe. [lo-
CKOJIBKY HIDKE MO TEUEHHIO, C yIaJeHHEM OT BEIXOJHOTO CEUCHUs COIUIA, KPYITHOMACIITAOHBIE BUXPH MIEPBO-
TO MOPSKA B3aUMOJACHCTBYIOT MEXIY COOOH M B pe3yibTaTe yBEIUUCHUS ATO NPHUBOJUT K BOZHHUKHOBEHUIO
BBICOKOAMILIMTYAHBIX HU3KOYACTOTHBIX KOJIe0aHUH CKOPOCTH.

Knioueswie cnoea: comno, cBOOOIHON CTpys, TypOyJICHTHOE TE€UEHHE, YKCIIEPHMEHTAIbHOE HCCIEI0BaHUE,
HPOQUIN TEMIIEPATYPBI U CKOPOCTH.

G. Toleuov, M.S. Isataev, Zh.K. Seidulla, A. Dosanova, Zh. Tolen

Experimental study of free turbulent jet

In the article the results of studying the dynamics of the development of a free turbulent jet flowing out of
a square-shaped nozzle are presented. The studies were conducted both in the presence of external
influence, and without influence. The average and pulsation values of the velocity were measured using
a thermoanometer, and the turbulence level was analyzed. Dimensionless temperature profiles on the axis
of the free jet emerging from the nozzle were studied. To study the vortex structure of the flow, the
method of instantaneous velocity pulsation measured by a hot-wire anemometer and recorded on an oscil-
loscope screen was used. Average and pulsation values of speed, level of turbulence (intensity of turbu-
lence) were measured using a hot-wire anemometer. Based on the analysis of the oscillograms of instanta-
neous pulsations, the development frequencies were calculated for the appearance of large-scale first-order
eddies and for their distance from the nozzle. The analysis of the oscillograms of the transverse instanta-
neous pulsation showed that the speed fluctuations have certain frequencies. These oscillations of the ve-
locity, which manifest themselves in the initial part, coincide exactly with the frequencies of large-scale
discrete vortices formed in the free boundary layer. Since downstream, with distance from the nozzle exit
section, large-scale first-order eddies interact with each other and, as a result of an increase, this leads to
the appearance of high-amplitude low-frequency oscillations of velocity.

Keywords: nozzle, free jet, turbulent flow, experimental study, temperature and speed profiles.
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Calculation of electron-optical characteristics of a quadrupole-cylindrical field

The article is devoted to the calculation and analysis of electron-optical characteristics of a electrostatic
quadrupole-cylindrical field. The object of the research is the development of an energy analyzer based on
a quadrupole-cylindrical field. The structure of electrostatic quadrupole-cylindrical fields is obtained on the
basis of the superposition of a basic cylindrical field and axially symmetrical cylindrical quadrupoles.
The calculation of electron-optical characteristics of a quadrupole-cylindrical field was fulfilled on the basis
of the analytical method for calculating of trajectories of charged particles. The problem of integrating
of differential equations of charged particle motion and the analytical description of the trajectory equation
in a quadrupole-cylindrical field has been solved. A projection of charged particle trajectory from the source
to its image has been calculated. The main aberration coefficients that determine the conditions of second-
order angular focusing are calculated. The most optimal scheme of a quadrupole-cylindrical mirror for energy
analysis has been found.

Keywords: electron spectroscopy, quadrupole-cylindrical field, quadrupole, energy analyzer, electron-optical
characteristics, electron-optical scheme.

The implementation of electron spectroscopy methods is based on the use of complex equipment, one
of the main elements of which is a dispersion energy analyzer of low and medium energy electrons. At pre-
sent, the capabilities of the known energy analyzers used in the study of the solid surface are largely
exhausted. Therefore, energy analysis of charged particles beams, as an effective method for studying
nanostructures, requires the modernization of existing analyzing systems or the creation of qualitatively new
analyzing systems based on the further development of the theory.

A new class of axially symmetric Laplace fields, built on the basis of the synthesis of multipoles and a
cylindrical field, and of practical interest for solving the problem of energy analysis of charged particle
beams, was first proposed in [1, 2]. The potential of a multipole-cylindrical field, built on the basis of the
superposition of a cylindrical field and a various order circular multipole, has the following form

U(r,z) = plnr+0U, (r,2), (1)
where U, (7,z) is a circular multipole; p is coefficient that determines the weight contribution of a cylindri-

cal field. Connecting multipole components of different order (quadrupole, hexapole, sextupole, etc.) to a
basic cylindrical field leads to the synthesis of a wide class of various axially symmetric fields, among which
variants of mirror analyzers schemes with improved quality of angular focusing can be found.

Earlier, the calculation of structures of electrostatic quadrupole-cylindrical fields (QCF), synthesized
based on the sum of a basic cylindrical field and axially symmetric cylindrical quadrupoles of various types,
was given in [3]. Equipotential portraits of quadrupole-cylindrical fields of various types are presented. The
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analysis of the obtained equipotential portraits of QCF was carried out. It is established that an electron mir-
ror with QCF, having potential

U,(r,2)=U,(u+2z)lnr, )
is more accessible for analytical study of its electron-optical properties and for building on its base a
highluminosity energy analyzer. It is noted that this QCF at the valuep =1, coincides with the well-known

Wannberg’s field, proposed for the development of a device operating in a spectrograph mode [4]

v=—""__(1+4z)n”, 3)

In(r/7,) 2
where A is a small dimensionless parameter. The presence of a small parameter A gives an additional
degree of freedom in choosing the desired distribution of the electrostatic field and expands the ability to
search for the most optimal analyzer scheme based on QCF.
The results of numerical modeling of electron-optical schemes of QCF-energy analyzer are presented
in [5, 6]. Corpuscular-optical parameters of schemes with various parameters 4 are calculated.
The investigated QCF is formed in the space between two axially symmetric coaxial electrodes, the in-

ner of which has a cylindrical shape (radius 7; ) and is under the Earth potential, and deflecting potential U,

In
is applied to an outer electrode having a curvilinear profile » = 7; exp[%} (Fig. 1).
r
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Figure 1. An electron-optical scheme of the QCF-mirror analyzer

Calculation of characteristics of QCF (3) is presented below, this calculation is performed on the basis
of the analytical method for calculating of trajectories, proposed earlier in [7, 8], According to this method,

the coordinate system X,& is located at the turning point m of the trajectory, and from this point the
counting of the left and right branches of the trajectory, asymmetrical about the axis X , begins. Here and in
the future, all linear dimensions will be kept in shares of the radius 7, of the inner cylindrical electrode.

r_(+p)n x5

z=z ug, —= =R-x, R=1+p,. “4)
% "o "
The distribution of QCF (3) in coordinates x,&is as follows
U = UlAz(x,é) =U,0(1 +pd’t) n(R-x), &)
A
here R = =1 ,o=(1-Az |/In(r/r), 4 =
W ere ’;) +pm ( m,)/ (1/0) l_AZ

The solution of equations of motion in the field leads to the following integro-differential equation of
charged particlemotion in QCF (3), in which it is temporarily assumed that 4=+4" [7, 8].

S A O I A

0 0
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and the condition of connection the left and right branches of the trajectory at the turning point m

P (A)cotz(x—A'f _P’ (A)cotzoc1 +Af (7)
1 my 2 m,
Pm P2
where S, = I In(R-x)E'dx, P’ (4)= . A is reflection parameter for the left branch;
: - Az
0 m
P sin? : .
PX(4) = . s'm > % s reflection parameter for the right branch and P = Kln L sin o is the pa-
2 1-4z sin“a, ©oqU (1 ’

rameter connecting the geometric and energy characteristics of the reflection of a cylindrical mirror analyzer
[8]. In these formulas, the number 1 in the subscript corresponds to the functions for the left branch; the
number 2 corresponds to functions of the right branch of the trajectory.

The radial component R=1+p, of turning point of the trajectory is determined from the integro-
differential equation (6) provided that x=p, , (g’)2 = cot’a,, and is reduced to the following expression to
determine R

InR = B’ (4)cot’a,,ud'f, . (8)

The inclination angle of the trajectory at the exit from the field (3) is determined from the condition of
connection of the trajectory branches at its vertex

B’ (A4)cot’ a, -I—A'(fm1 +fmz) ~ Pcot’ a, +A(fm] +fmz)
P (4) - R-A(f, 4 1)

Integrating equation (6) by an approximate-analytical method of decomposing a quantity & into a frac-

o

tional-power series & = Jx Zc X +Za x [4, 5], using the method of successive approximations for
n=0 n=1

cot’ o, =

)

determining R , we obtain the equations for the basic electron-optical characteristics of QCF. The parameter

R, = exp(Pz) of a cylindrical mirror analyzer [9] is used as a zero approximation in the determination R .

Final results of the calculation of characteristics p,, =R—1and&,, obtained as a series expansion by the
magnitude of reflection parameter P up to order 12 inclusiveare presented below:

1 1 1 2 14 71
= 1+p+=p +=p'+—p'+. . || Zp+—=p +—p*+.. |x
P, ( PPttt ARSI ATy
(10)
xcotot, - A+ (i LN j+( UL jcotza A
’ 187 oo T ) T\ P Tgs B T )P

is the radial coordinate of the trajectory vertex in the field (3);

E = (4p2—§p4—%p6—%p8+...j~cotao—

NS 70 e B e N [10,0 128 6 2170 s Vot | a+ (11)
LT RYE 3P Ts P Tys P ’

32 o 7744 128 o 512 3 2
+|—p +——p +..|cota, + | —p +—p +..|-cot'a, |-4
K 3 P 315 P j ’ ( 9 P 15 P ’
is the projection of the trajectory on the symmetry axis z of the mirror in the area from i'toi" ;
, 16 16

4 4 6 2
cota,, = coto,. —| —p " +—p +—p +...|-| l+cota |-A+

16 , 128 , 869 3 2
+||—p" " +—p +—p° +... || cota. +cot’a -A
K 3P 75 Tge? j [cote, ]

is the inclination angle of the trajectory at the exit from QCF.
The total projection of the trajectory on the symmetry axis of a quadrupole-cylindrical mirror from the
source to its image is the sum of the projections of the trajectory in the mirror field and in the region of the

(12)
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inner cylindrical electrode

=L
e

= A cota, +& +A,cota,, (13)
where A, A, are values of distance of the source and its image from the surface of the inner cylindrical

electrode, which are considered positive in direction from the radius 7, .
For the analysis of characteristics of an electrostatic QCF-energy analyzer, aberration coefficients of

3

spatial focusing of the 1%, 2" and 3" orders were determined: — @ lz T AL l

da’ do’ do’

dl d
—=A,|1+cot’a, [+—2 +A —(cota 14
£ [ Jo 2o, L) g
2 2 2
5(1[2 = 2Acota, [1 + CO'[ZOLO:I + d—%’ daz (cota,); (15)
d’l : tq 1485 A4

/ e —ZA[I +4cot’a, +3cot a0]+ Tt A o (cota, ). (16)

Due to the awkwardness expressions for aberration coefficients, here only formulas defining the magnitude

. dl .
of first order aberratlonsd— are given.
o

ﬁ:(—4P2—§P4 16P ﬁp*‘ j (8134 136 ??Pg)cotao

do 15 105
- £P6+@P8+... cotot, + 32P4 512P @P8+... cot’ol, | A4+ (17)
5 315 3 15 105
+ (_21)6_wpg+mj+(£P6+ﬁp8+...jcotza0 (128P6 S2p +...jc0t40t A
3 315 3 45 3 3
d B 2 32 4, 64 ¢ 256 3
%(cotal)——[l+cot 0c0] (ISP EP +%P [cotoco-i-cot a0]A+
(_E#_%Ps_@])smj [@Ps TSP Jsoro, + (18)
30 7150 126 15 63 P
N p-ach (g P
3 15 126

. . : . dl Ao .
The magnitude of the linear dispersion in energy D zd— (where ¢ z—wls the value of the relative
€ )

energy spread in the particle beam) is determined by following expressions

d de d
D=L _5 A% (cot 19
de de ds(coal)’ (19)

where
a5 (41)2 136 prallpe 185 .)cotoco + (SP“ 136 P°+ fz ngcotzao -

de 5 105
([ Lope L0 ps 236 s ) (32 p 128 ps 8704 s cot’a, |A+ (20)
3 15 21 3 5 315

J{(BZP6 JF%P8 +...)c0toc0 + (%Pé +%P8 + ...jcoﬁoc}lz.
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i(cotocl) = —(EPZ +£P4 +ﬁP6 +2P8 +...j[1 + cot2a0]A+
de 3 15 35 945

—Eptﬁph@ﬁ‘—... + @P6+—1738P8+... cot’a, +
3 15 126 15 63 P

21
+ 2})44_%})64.@])84-.,. I:COt(XO+C0t3(XO:| ( )
3 5 63

Table shows the basic electron-optical characteristics of QCF-energy analyzers for schemes with
A=-0.01, A=+0.01, 4 =0, calculated depending on the entering angle ¢, and reflection parameter P ,

2
and satisfying the conditions of second-order angular focusinga = j(xé =
Table
Electron-optical characteristics of QCF
A=10,01 a, . . A:AI 1A, o, l:£ D:ﬂ 4%
degree 2 degree % de do’

35 0.4315 | 0.2042 0.2131 35.1638 | 1.8068 1.3430 -4.5463

36 0.4825 | 0.2615 0.2770 36.2123 | 2.2503 1.7140 -5.5699

37 0.5324 | 0.3266 0.3519 37.2686 | 2.7382 2.1391 -6.7186

38 0.5817 | 0.4011 0.4409 38.3345 | 3.2815 2.6317 -8.0431

39 0.6312 | 0.4871 0.5478 39.4123 | 3.8955 3.2104 -9.6113

40 0.6812 | 0.5871 0.6779 40.5050 | 4.5983 3.8980 -11.5073

41 0.7322 | 0.7047 0.8382 41.6166 | 5.4151 4.7267 -13.8498
42 0.7848 | 0.8446 1.0391 42.7529 | 6.3806 5.7410 -16.8080
43 0.8394 | 1.0135 1.2952 43.9216 | 7.5437 7.0046 -20.6319

=0 35 0.4249 | 0.1979 0.2069 35 1.7560 1.7560 -4.3979
36 0.4743 | 0.2522 0.2677 36 2.1787 2.1787 -5.3537

37 0.5221 | 0.3133 0.3382 37 2.6383 2.6383 -6.4048

38 0.5690 | 0.3823 0.4207 38 3.1430 3.1430 -7.5887

39 0.6154 | 0.4605 0.5179 39 3.7025 3.7025 -8.9484

40 0.6618 | 0.5496 0.6339 40 4.3289 4.3289 -10.5368

41 0.7083 | 0.6516 0.7718 41 5.0366 5.0366 12.4187
42 0.7552 | 0.7690 0.9389 42 5.8440 5.8440 -14.6779
43 0.8028 | 0.9049 1.1424 43 6.7740 6.7740 -17.4230

A=-0,01 35 0.4187 | 0.1920 0.2012 34.8446 | 1.7091 1.2765 -4.2629
36 0.4665 | 0.2437 0.2592 35.8001 | 2.1128 1.6186 -5.1590

37 0.5126 | 0.3014 0.3260 36.7491 | 2.5487 2.0047 -6.1321

38 0.5575 | 0.3658 0.4031 37.6908 | 3.0216 2.4424 -7.2061

39 0.6016 | 0.4378 0.4929 38.6239 | 3.5392 2.9429 -8.4146

40 0.6452 | 0.5188 0.5979 39.5466 | 4.1102 3.5193 -9.7950
41 0.6885 | 0.6098 0.7215 40.4572 | 4.7442 4.1873 -11.3896
42 0.7317 | 0.7127 0.8677 41.3534 | 54534 4.9669 -13.2524
43 0.7749 | 0.8291 1.0416 42.2323 | 6.2517 5.8820 -15.4467
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Here the following parameters are presented: 7, is the radial coordinate of the trajectory vertex in the mir-

A +A, . . o
ror field; A Zfls the value of the average total distance of the source and its image from the surface of

. o D : . . dl
the inner cylindrical electrode, which is determined from the condition of first order angular focusing: o =0,
o

A= 23/{1 + coto, — j—a(cotal )} : (22)

Table also presents: o, is the exit angle of the trajectory from the mirror field; / = L is focal length and

0
3

dl . N . . . . .
D= e is the value of the relative linear dispersion in energy, ol is cubic angular aberration.
€ o

The analysis of the data of the Table shows that in the mirror energy analyzers based on QCF in a wide

range of parameter values P and 0o, the second order angular focusing regime is implemented. With an in-
3

crease of P and o, parameters, an increase of the cubic angular aberration is observed, which leads to a

(1,3
decrease of the resolution of the analyzer.

Comparing of parameters of the schemes with different values 4 shows that the angular aberrations of
the analyzers with 4 < 0, the outer electrode of which has an increasing exponential profile, are smaller than
those of QCF-analyzers with 4 > 0and less than those of the mirror analyzer corresponding to the schemes
with 4 = 0 . This means that mirror analyzers based on QCF with improved electron-optical characteristics
must be chosen among the schemes with 4 < 0.

At small values of the parameter 4 , the profile of the generator of the outer electrode is approximated
by a sloping straight line, which allows replacing the outer exponential electrode by conical one. In the
scheme of the most optimal energy analyzer based on QCF, presented in Figure 1, the improving of resolu-
tion by 30 % is achieved by using an outer deflecting electrode in the cone form with a small angle of incli-
nation of the generator line.

Thus, equations for the trajectories of charged particle motion in an electrostatic QCF are determined.
The general parameters that determine the electron-optical properties of quadrupole-cylindrical analyzers are
calculated. It has been established that for all the QCF schemes with4=0.01, 4=0, 4=-0.01 a second-
order angular focusing regime is performed, and the best focusing schemes correspond to analyzers
with 4 =-0.01, in which an outer electrode has an increasing exponential profile at a small inclination angle
of the generatrix.
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KBaapynoJbai-umJImHAPIIIK 6PiCcTiH 3J1eKTPOHAbI-ONTHKAJIBIK
CUNIATTAMAJIAPBIH ecenTey

Makasa 3JIeKTPCTaTHKAIbIK KBaIPYIIOJbIi-IMIHHAPIIK OPICTIH AICKTPOH/BI-ONTHKAIBIK CHIIATTaMAaIapbIH
ecentey MEH Taljayra apHalFaH. 3epTTey HbBICAaHbl KBaJPYIOJBAI-IWIMHAPIIK epic HeTi3iHIe SHeprus
TaJJAFbIThl KYPacThIpy OOJIBII TaObLIAAbl. DJIEKTPCTATHKAJIBIK KBaJPYHOJBII-IIMINHAPIIK OpiCTepAiH
KYPBUIBIMBI 0a3aJiblK LJIMHAPIIK Opic IMeH OChTIK CHMMETPHSUIBIK LMIHHAPIIK KBaAPYIOJIbICPAIH
CYIEpIO3HIMACH  HeTi3iHme anblHFaH. KBaapymonbIi-IMIMHAPIIK  OpICTIH  3JIEKTPOHIBI-ONTHKAIEIK,
CUIIATTaMallapblH  €CeNTey 3apsATajFfaH  OeNIIEKTepIiH KO3FAIBIC TPAeKTOPHSUIAPBIH  €CeNTeyHNiH
AQHAIMTUKAIBIK dJici Herizinae xypriziaren. KBaapymnosbi-IMIMHAPIIK epicTe 3apsaTajiraH OeiieKTep
KO3FaJIbICBIHBIH AU((epeHIHaTIbIK TeHACYICPiH HHTETPANIay KIHE TPASKTOPHSI TEHACYIHIH aHATUTUKAJIBIK
curarTay eceli Iemiired. 3apsATaiFal OeJIIeKTiH KO3/ICH OHBIH KECKIHIHE JCHIHT1 KO3FallbIC TPACKTOPHS
TIPOEKIMACHIHBIE €CenTeNyi Xyprisimred. EkiHmi perri OYpBINTHIK TOFBICTAY MIAPTTapbIH AHBIKTANTHIH
HeTi3ri abeppanysulblk KOd(QQUIMEHTTep eceNTeNreH. DHEeprusl Tajjay YIIIH KBaapyIOJbIi-IIFIHHAPIIK
aifHaHBIH €H THIMI CYJI0AChl aHBIKTAIIIBL.

Kinm ce3dep: >IEKTPOHABIK CIEKTPOCKONHMS, KBaAPYIOIbIi-LIMIMHIAPIIK ©piC, KBaJpYNoib, SHEPIus
TaJIIaFBIIIBI, YJIEKTPOH/IBI-ONITHKAJIBIK CHITATTaMalIap, SJIEKTPOH/IBI-ONTHKAIIBIK CYJIOA.

A.O. Caynebekos, A.A. Tpyouuss, XX.T. Kambaposa

Pacuer JIEKTPOHHO-OIITHYCCKUX XaPAKTCPUCTUK
KBaJIpYNOJbHO-IUJTUHAPUYICCKOI0 MMOJIsA

CraThsl TIOCBSIIIEHA PACUeTy M AHAIN3Y JJICKTPOHHO-ONTHYECKHX XapPAaKTEPHCTHK SJIEKTPOCTATHIECKOTO
KBaIPYyNOJIbHO-IMIMHAPHYECKOTO Touisi. OOBEKTOM HCCIIEI0BAaHUS SIBISIETCA pa3paboTKa SHEproaHaauaTopa
Ha OCHOBE KBaJAPYyNOJIbHO-UMINHAPHYECKOro moist. CTpyKTypa 3IEKTPOCTAaTHUECKUX KBaJIpPYMOJIbHO-
IIMHAPUYECKUX TMOJNeH TIodydeHa Ha OCHOBE CYNEpHO3UINH 0a30BOTO  IMIMHIPUYECKOTO OIS
M OCECHMMETPUYHBIX [MIHHAPHIECKUX KBaApynojed. PacueT SIeKTPOHHO-ONTHYECKHX XapaKTEPHUCTUK
KBaPyNOJIbHO-IMIMHAPUYECKOTO TIOJIS BBHINOJHEH HA OCHOBE aHATUTHYECKOTO METOJA pacueTa TPaeKTopuil
JBIKCHHMS 3apsHKEHHBIX 4YacTHLl. PelneHa 3ajaya HMHTErpuUpoBaHMs IudQepeHInanbHbIX ypaBHEHUH
JBIDKEHHS 3apsDKCHHBIX YacTHI] M aHAJUTHYECKOTO ONHCAHMS TPACKTOPHOTO ypaBHEHHS B KBaJAPYIOJIBHO-
IIMHAPUYIECKOM I10je. BEIIONIHEH pacueT NMPOSKIMH TPAacKTOPHUU JBIKEHMS 3apsDKCHHOM YaCTHIBI OT
UCTOYHHUKA JI0 ero n300paskeHus. PaccunTaHbl OCHOBHBIE abeppalOHHbIE KOI(Q(UIMEHTHI, ONpeieNsIoiHe
ycoBHsl YIIoBoil (oxycupoBku BTOporo mopsaxa. Halimena HanGonee onTumanbHas Ul 3HEProaHaan3a
cXeMa KBaJpYIOJILHO-IIMINHIPUIECKOTO 3epKaa.

Knoueswvie cnosa: OJICKTPOHHAA CHEKTPOCKONMA, KBAAPYNOJIbHO-ITUIMHAPUYICCKOE I10JIC, KBA/IPYII0JIb, SHEP-
TOoaHa/IM3aToP, SJICKTPOHHO-OITHICCKUEC XapAaKTECPUCTHUKU, 3JICKTPOHHO-OIITUYCCKAsA CXEMaA.
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CrenenHoe peumienne moaeu f(R)-rpaBuranuu
€ MAaKCBEeJVIOBCKHM YJI€HOM M g-ICCeHIueil

B crathe paccmortpena mozenb f(R)-rpaBuTalliM ¢ MakCBEUIOBCKMM wieHOM Fy, FHY u g-accennmeit
B YETBIPEX H3MEPEHMUAX COBMECTHO C OIHOPOAHOHM, M30TPONHON M Iulockod Bcenennoit ®punmana-
PoGeprcona-Yokepa. Beeaenue B geiicteue s f(R)-rpaBuTanuy MakCBEIUIOBCKOTO WICHA ITO3BOJISIET Haii-
TH HOBBIE MOAXOABl K pEIICHHIO IpoOJIeMbl HAOII0JAEMOT0 YCKOPEHHOTO pacIiupeHus BceneHHOM.
g-9CCEHLIUsI CO/ICPIKUT, KaK M YaCTHBII Cllydai, B Ba)KHbIC MOJENH: k-ICCEHLMIO U f-3cceHuuro. Js aToi
MOJIENH Hali[ieHa cucTeMa ypaBHEHHMI JBIbKeHus. IlocTpoeHo cTeneHHoe pelieHne A1 MaciTabHoro Ghakro-
pa, ckaisipHOro U hepmuonHoro nojuei. [lorydeno BelpaxkeHne Juist 4-BeKTOpa NOTeHIHaNa. BoccTaHOBIEHB
CKaJSIPHBIN ¥ ()epMUOHHEIN ITOTEHIUANIEL. [10TydeHbl 1 H3ydeHBl SJHepTeTHIECKHe YCIOBHS. JlaHHbIe yCIOBUS
HaKJIaJbIBAIOT O4YEHb MPOCTBIE M HE 3aBUCAIINE OT MOJEIH OrPaHUYCHHs Ha MOBEJEHHE IIIOTHOCTU SHEPTUN
U JaBJIEHHS, TaK Kak He TPeOyIOT ONpPEeNENeHHOTO YpaBHEHUs COCTOSIHUS BemecTBa. s paccMaTpuBaeMoit
MOJIENIN BBITIOJIHACTCSL HYJEBOE, c1abdoe M NOMUHHPYIOUIee PHEPreTHYECKOe YCIOBHE U HE BBINOJIHACTCS
CHJIbHOE DHEpreTudeckoe yciaosue. HaliieHbl IIOTHOCTh 3HEPrUH, JABICHUE, IapaMeTp ypaBHEHHs COCTOs-
HHUSA W, TapaMeTp 3aMeIIeHHs ¢ M MapaMeTp pPhIBKA j, 3HaYEHHs KOTOPBIX COOTBETCTBYIOT YCKOPEHHOMY
paciupenuto Beenennoii mpu 4 > 1.

Knioueswvie crosa: f(R)-rpaBuTanys, TpaBuTanys JHHINTeHHa-MakcBema, g-3CCeHINs, SHEPreTHIECKUe yC-
JIOBHS, yPABHEHUE COCTOSIHUS, TapaMeTp 3aMeJUICHUSL.

Beeoenue

B Teuenue nmocienHux cTa JET MPOU30IILUIA OTPOMHAS SBOJIIONNS HANTNX MPEICTaBICHUH 0 BeeneHHoil:
OT CTAaTHUYECKOW CHUCTEMBI C OJHOM TaJaKTUKOW 10 BcCeneHHOH, pacluupsronieiicss MULUTHApAbL JIET MOCIEe
«00nBIIoro B3pbIiBay». XX BEK HA3bIBAIOT 30JI0THIM BEKOM KOCMOJIOTHH, TaK KaK WMEHHO B 3TO BpeMsl ObLT
MOJy4eH OCHOBHOW 00BEM KOCMOJIOTMYECKHX 3HAHWW W TpejCTaBlIeHHH 00 ycTpoiictBe Bcenennoil. 3T1o
npousonuio m3-3a pazputus OTO u mosBieHus 0oyiee MOIIHBIX TEIECKOIOB, NEHCTBYIONINX B Pa3IMIHBIX
yYacTKax CIIEKTpa AJIEKTPOMArHUTHEIX BOJH, YTO ITO3BOJIAJIO KOJIOCCATHHO PACHIMPHUTH MAcIITad Ha3eMHBIX
1 KocMU4eckux Habmoaenwii [1-5]. Ha ocHoBe orpomMHOro 06bheMa moidy4eHHON MH(OpMAIMK TOSBUIIACH
CranpapTHas KocMosoruueckas Mojesnb. CorjgacHo 3TON MOJENH, MBI )KUBEM B MPOCTPAHCTBEHHO TUIOCKOM,
YCKOpPEHHO paciupsronieticss BceneHHOH, KoTopast Ha TP YETBEPTH COCTOUT M3 TEMHOM 3HEPTUW U HA OJTHY
MATYI0 — U3 TEMHOW MaTepHH ¢ HEOOIBIIMMU TOOABKaMU OapHOHHON MaTepUHU U PEISTHBUCTCKOTO KOMITO-
HeHTa [6].

B OTO Ha coBpeMeHHOM 3Tare CTOMT mpobiieMa HabI0AaeMoro YCKOpEHHOTo pacimupenus BeeneH-
HOH. YCKOpeHHe yKa3bIBaeT Ha CHITY, KOTOpasi ONPE/IEIIeT ABIKEHUE Tell. DTON CHIION HE MOXKET OBITh MPH-
TSOKEHHUE KOCMHUYECKUX TN JIPYT K APYTY: B3aUMHOE TATOTEHUE TAIAKTUK CIOCOOHO JIMIIL TOPMO3UTH HX
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pas0eranue. A yCKOpSITh 3TO JIBIDKCHHE MOXKET CHJIa MPOTUBOIOJIOKHOTO 3HAKa — OHA M Ha3bIBAETCS BCE-
MHUPHBIM aHTUTATOTEHHEM [7].

Tak>ke 0coObIi MHTEpEC MPEACTABISIET PACCMOTPEHHE PA3IMYHBIX MOJIETIEH CO CKASIPHBIMU U (hepMHU-
OHHBIMHU TIOJIIMH. DTO CBS3aHO C TEM, YTO OHHM HAXOJT IIMPOKOE NMPUMEHEHHE B TEOPHUSIX JIEMEHTapHBIX
YacTHI, acTpou3uke u KocMmosiornd. MHTepec K CKaIIpHBIM U (DEPMHOHHBIM TOJISIM OOYCIIOBJICH, B TOM
YHUCIIE, U OTHOCUTEIBLHON NPOCTOTOM MOJy4aEMbIX YPABHEHUI U PEILEHUN B MOACIISX C UX UCIIOIb30BAHUEM.
OT0 MO3BOJISIET MIPOBOANTH KAYECTBEHHbIM aHAIN3 YPAaBHEHUI M HAXOIUTh JOCTATOYHO SCHYIO (DM3HUYECKYIO
MHTEPIPETAIMIO TIOTy4aeMbIX Pe3yJIbTaTOB, UCXOMS M3 aHAJIOTUH 13 Ipyrux oonactert ¢pusuku [7-20].

HeoOxomumocTs u3ydeHns: MOAMGUIIMPOBAHHBIX TeopHid [ (R)-TpaBUTAIMK CO CKaISIPHBIME U (hepMu-
OHHBIMH TOJISIMU (g-3CCEHIMEl) MOTUBHPOBAHA UCCIIEIOBAHUEM KOCMOJIOTHUECKUX MOJENeil M TOUHBIM U3-
MEpPEHHEM KOCMOJIOTUYECKHX MapaMeTPOB C HEIbI0 N3y4eHus (PyHIaMEHTaIbHBIX CBOMCTB MaTepPHHU U MOJTY-
YeHHs OTPaHMYCHUI Ha KJIacChl (PYHIAMEHTAIBHBIX TEOPHil, B YACTHOCTH, H3Y4eHHs IPOOJIeM TEMHOU dHep-
UMY U TEMHOU MaTepHUHu.

Beenenue B neiicteue auis f(R)-rpaBuTanuu TEH30pa 3JIEKTPOMATHUTHOTO MONsL F,,, (MaKCBEIUIOBCKO-

rO YiICHA) MO3BOJISICT HAWTH HOBBIC MOJXOJbl K PEIICHUIO MHOTHX MpPOOJIEM KOCMOJIOTHH, HalpuMmep, Ha-
011101aeMOTr0 YCKOPEHHOT0 paciupenus: BeeneHHOM.

B nanHoii ctathe paccMoTpuM AeiictBue f(R)-rpaBUTAIUK ¢ MAKCBEIUIOBCKUM YWICHOM U g-DCCCHITUCH.
Haiinem ypaBHenus nemxenus. [loctpoum perenne paccmarpuBaeMoi Moaenu. OnpeneanM, MOXKeT JIU Ta-
Kasi MOJISJTb OTMCHIBATH YCKOPEHHOE pacimupenue BeenenHoit.

Enunune! n3mepenus Beioupaem tak, uto G =c=/4=1.

Mooens f(R)-epasumayuu ¢ MAKc8eml08CKUM HYICHOM U Z-ICCEHYUel

Paccmotpum gefictue f(R)-rpaBUTalK C MaKCBEJUIOBCKUM YJICHOM M Z-3CCEHIMEH B YEThIpEX H3Me-
pEeHHMSAX:

Spmg = o= | d*xJ=g{R + F(R) — F, F™ + 2K(X,Y, 6,9, 1)}, ey

I7le KOBapUaHTHBIA TEH30p 3JIEKTPOMArHUTHOI'O IIOJsl OINpeNeJsieTCsl IpPU HOMOLIM IIPOU3BOAHOM OT
4-BeKkTOpa MOTEHLIHAA:

F, =0,4A, — 0,4, 2)

u K sBnsercst GpyHKIMEH CBOMX apryMeHTOB, ¢ — ckansapHas QyHKIMS; Y = (Y1, Yo, Y3, Ps)T saBnsercs
depmuonHoii pynkuuei, a ) = Pty — ee conpsxennoii pynxumeii. 3aech

X =05g"V,4V,¢, Y = 0.5i[T*D,p — (D, )]

SIBIISIIOTCSI KAHOHUYECKUMH KMHETUYECKUMH WICHAMHU CKaJSIPHOTO M ()epMHOHHOTO TMOJIEH COOTBETCTBEHHO;
V, 1 D, — KOBapHaHTHbIE TPOM3BO/HbIE. 3aMETHM, YTO (HPEPMUOHHBIE IOJIs PACCMATPUBAKOTCS 311€Ch KaK
KJIACCUYECKHE KOMMYTHUPYIOLIUE MOJIS.

AH3zan penienus JUis MakCBEJUIOBCKOTO WieHa 3a1aetcs Gpopmyinon A, u seistercs pynkumeii ot ¢t. To-
raa

Fo1 = —Fjp = Al: Fop = —Fp = Az; Foz = —F3¢ = Asa

TOYKA 03HAYAET MPOU3BOIHYIO 110 BPEMEHH (BCE OCTANIbHBIE KOMIIOHEHTBI Fy,,, SKBUBAJIEHTHBI HYJIIO).

PaccMoTpuM oHOpOAHYIO, M3OTPOIHYIO W IUIOCKyl0 Bcenennyro ®punmana-Pobeprcona-Yokepa
(DPY), 3anonHeHHYI0 g-3cceHuuei. B 3ToM cityuae MeTpuKa UMeeT BUA

ds? = —dt? + a(t)?(dx? + dy? + dz?), (3)
rie a(t) ssusiercs MactabHbIM dakTopoM BeenenHol. st 3Tol MeTpuku ypaBHeHHE (2) IPUMET BH/T
2 . . .
Eu PR = 2[g%°g" (Fa1)? + 9% g% (Foz)? + §°°0% (Fuz)?] = = [(A0)? + (A2)* + (A2)]. (4)
Torna neiictBue (1) coBmecTHO ¢ (4) 3anuieTcs: B BUeE

Spmg = 5= d*x{=3ad? +5a*f + a[(41)? + (A2)? + (45)*] + a*K}. (5)
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B ciyuae metpuku ®PY (3) ypaBHeHUs JBIKEHHS, COOTBETCTBYIOIIUE JEHCTBUIO (5), 3aMUIIyTCS KaK

3H? - p = 0; (6)
2H+3H*+p =0, @)

}il + HAl =0; (®

}iz +H1%l2 =0; )

A, + HA, = 0; (10)

Kyp+(K, +3HK ) p-K, = 0; (11)
Ky +0.5(3HK, +K, )y —iy'K,, = 0; (12)
Ky + 0.5(3HKy + Ky)P + iKyy® = 0; (13)
p+3H(p+p)=0, (14)

a
rne H = — ABIICTCA TTAPAMETPOM Xab0ma, KaHOHUYECKUE KHHETUYECKUE YJICHBI CKATISIPHOTO U (hepMHUOHHO-
ro moJyie

X =05¢% Y = 0.5y — Py ).

IInorHOCTH OHCPIvU U AaBJICHUC IIPUHUMAIOT BU/]

p=_3HRfRR+3(H+H2)fR_O-5f+2KXX+KYY—K+[(A1) +(A22) +(4) ];
a

p:szRRR+(2HR+R)fRR_(3H2+H)fR+O-5f+K+[(A1) +(1;12)2 +(A3) :I
a

B 31011 cTatbe MBI paccMOTpUM AeHCTBHE g-3cceHInH (5) ©

K =X+ oY —-Vi(d) —V,(n) —nou,

re n = const; u = YP; € U 0 — HEKOTOPbIE KOHCTAHTHL. 371€Ch MBI MOYKEM OTMETUTh, uTo € = 1 (¢ = —1)
COOTBETCTBYET OOBIYHOMY ((haHTOMHOMY) ciyuato. Toraa cucrema (6)-(14) npumer Bua
3H? —p =0; (15)
2H +3H? +p = 0; (16)
A, +HA, = 0; (17)
A, + HA, = 0; (18)
A+ HA; = 0; (19)
ep+3eHd +nu+ Vi = 0; (20)
o + > oHp + iV3y°P + iny*p = 0; 1)
o + 2 oHp — iV3py° — indPy° = 0; (22)
p+3H(p+p) =0, (23)
rae

[(A))% + (A2)* + (43)%]
a? ’

p = —3HRfzr + 3(H + H?)fg — 0.5f + 0.5ep? + V; + V, + ndu +

p = R2fapg + QHR + B) fag — BH? + H)fq + 0.5f + 0.5eh% — V, — V,, + Vyu + (1) +(d2) +(4)7]

3a?
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Ucknrouus f u3 ypaBHenuit (15) u (16), momydunm

. . . . . . A \2 A \2 A \2
R%fenp — (HR — B frp + 2H fr + 2H + ed? + nou + Viju + 2l +E) +@)71 _

3a?
9TO YpaBHCHUC MOKHO MCPCIIUCATh B BUJC

4[(A1)*+(42)%+(43)%] -
3a2

F —HF + 2HF + 2H + £$? + ndu + Vyu + 0,

—a
rne F = T

U3 (17)«19) nomyunm BeIpaxkeHue U1 4-BeKTOpa MOTCHIKANA
Ay=22 (n=123),

rae b, = const.
Cucrema (15)—(23) umeer pemieHue
a = aotl;
b = ot
P = —Le®, (1=12);

als

Y = —5e7 PO, (k = 3,4);

Cc Cc

U = —=——m
a3 adt3?

IJIe Cj TIOUMHSETCS CIeyoeMy YCoBrio: ¢ = |c1]® + |ca|? — |c3|? — |cg|?

(24)

(25)
(26)
@27
(28)
(29)

Ha pucynke 1 npencrabieHa 3aBHCHMOCTh MacITaOHOTO (pakTopa a oT BpeMeHu t aist A = 4 (cruiom-
Has JuHUA), A = 2 (myHktupHas gususA), A = 1 (todeunas muuust), 4 = 0,5 (IUTPUXIyHKTUPHAS JIMHUSA).
MacuraGHblil pakTop UMeeT cMbIch paguyca Beenennoit. Kak BuaHo u3 pucyHka 1, ans Toro yToObl Haa
MOJIeJIb OTHUCHIBAJIa YCKOpPEHHOe pacimupeHue Bcenennoit, Heooxoqumo A > 1. TIpu A < 1 naGmogaercs

3aMeIJIEHHOE pacluupenre BeenleHHo.
304 I

40 !

30 f

Pucynok 1. 3aBHCcHMOCTh MacmTabHOTO (haKkTOpa @ OT BpEMEHH ¢

s metpuku (3) u ckansipHoro ¢axTopa (25) moryuyuM CKaIsipHyIO KPUBU3HY

61(2A—1)

R =6(H+2H?) = =

U3 (24) u macmrabroro dakropa (25) moryuyuM BeIpaskeHHE s 4-BeKTOpa MOTEHIKANA B 3aBUCUMO-

CTH OT BpCMeHI/IZ
_ bntl—l
n T ay(1-2)

(n=1,23).
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U3 (20) u (25)~(29) noreHnman CKaIAPHOTO I0JISl B TEPMUHAX t U ¢ paBeH

__ e938%(6-1+31) .2(6-1) _ _PoSNC_ . 5-31 1, .
i= 26— ¢ PHTEEY I Vio;
$362(6-1+32) [ d x5 $God ¢ =
— _EP0 07 IH3A) (@) & _ _PooNc (P & _
V= 2(6-1) (4)0) a3(5-32) (4)0) V1o-

N3 (21) u (25)—(29) norernman GepMHUOHHOTO TOJIsl paBeH

_ 3Aendo . §5-31 4 34CO ¢ 5. (31+1)
V2= ottt a [ Dt dt.

Torna ypasuenue (15) npumet Bujg

: : 342622
3HRfgrgr — 3(H + Hz)fR + 0.5f + 3H? +Lt2(5—1) _
2(6—-1)
. 2
- 3A§Uf De=GMDge — 2 =42 4y, =0, (30)
ap ag

e b = b + b3 + b3.
Iycts f = BRY, fr = BIRYY, frr = BL(l — 1)R'2. Torma u3 (30) MBI HONTY4YUM

3 2 1-1 2,301 l }\‘_3 2] 6}\, 27\’_1 lt31—21+1 22 ,30+26—1
a {47\1” 60t ZB[l— (A=3+ )}[ (20 —1)] | 3engid’s :|+Do

- 20 -1 3 —20+1 3 +26—1

D= —
a,(1-1)  3r-1

" 3kco

U NOTeHIMa (PePMUOHHOTO TOJIS B TEPMUHAX t U U:

I(L-3+21 28% s 2
= wtﬁ’ﬂ 4Bl _1-3+20) [6A(2n—1)]' ¢ £ SEMIO e —b—4f“ +V;
ay (8-31) 2% -1 2(8-1) ay
3-8 2 2l
3 3 3 \3 I(L=3+2] 3332
e (uay ) g fuay Bl T=3%2D) o gy R |
a; (8-31) ¢ c 2 21 -1 c
2(1-8) 4
252 3\ 3% 2 3\3
(SEMOD [uay | b fudy
2(6-1) ¢ a,\ c
ITimoTHOCTE OHCPIruu U JaBJICHUC PABHbBI
312
pP= (€29)
A(2-31
p = X (32)

CymiecTByeT LeNbIil psAl pa3IUYHbIX TEOPETHYECKUX MOJENIeH, KOTOpBIE OIMCBHIBAIOT YCKOPSIOIIee
pacmperne coBpeMeHHON Bcenennoit. st 3Tux Mojieneli 00bIMHO UCTIONB3YIOTCS (PEeHOMEHOIOTIEeCKHe
COOTHOIICHUS P = WP MEXKIY AABICHUEM P U IJIOTHOCTHIO SHEPIUU O KAXKIOW K3 KOMIIOHEHT >KUIKOCTH,
IJIe w — mapaMeTp YPaBHEHUS COCTOSHYSI, WM, JJIsl KPAaTKOCTH, rmapameTp coctosaus [7]. KommoneHTa ¢ o1-
pHULIATENHFHBIM NTAPAMETPOM ypPaBHEHHSI COCTOSHHUS W COOTBETCTBYET TEMHON dHepruu. CoBpeMeHHbIE IKC-
MEpUMEHTHI, B ToM yucie WMAP, cBUIETENbCTBYIOT O TOM, UYTO B HACTOSIIEE BPEMs NapaMeTp COCTOSIHUA
TEMHOM 3Hepruu OJIM30K K —1. B 4aCTHOCTH, U3 CYIIECTBYIOIIUX OIIEHOK, ITOJTYYCHHBIX 110 Pe3yiIbTaTaM Ha-
OJIrOJICHNIA, BBITEKAET, 4TO ¢ BeposATHOCTHIO 0,95 3HaveHWe w JexuT B wHTEpBANe —1,45 < w < —0,74.
C TeopeTruecKOl TOYKHM 3pEHUs YKa3aHHas BbIIIE 00JaCTh OXBATHIBACT TPU Pa3NUUHBIX ciydas [7]. Dan-
TOMHasi MaTepHusl COOTBETCTBYET 00JIACTH IMPOCTPAHCTBA € MapaMeTpoM w < —1, Tie CKaIspHOE T0JIe UMEET
OTPUIATETHHYI0 KHHETHUYECKYFO dHepruto [12]. XoTst marepus 3Toi (hOpMEI B HACTOSIIEE BPEMsI COTJIaCyeT-
csl ¢ HAOJIOIEHUSIMU, TIPOMCXOXKIICHHE TAKOTO CKAIISPHOTO TIOJISI ¢ HeOOBIMHON KMHETHYECKOH JHEprueii He-
noHsATHO. C Jpyroil CTOPOHBI, HEABHO OBLIO TONYYEHO, YTO (PaHTOMHOE TOJIe HeoOs3aTeNbHO SIBIISETCS
CKaJISIPHBIM, OHO TaK)K€ MOYKET MMETh BEKTOPHBIC WIIM TEH30PHBIE CTEIIEHU cBOOOIHI [8, 21].
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B paCCManHBaeMOﬁ HaMU1 MOJCJIM MapaMeTp YpaBHCHUA COCTOAHHNA PABCH

p 2
=—=-14—
w ’ +3/1

I[TomyuyeHHBII TapaMeTp COCTOSHUS COOTBETCTBYET COBPEMEHHBIM HAOIOIaTEIbHBIM JaHHbBIM.

wgi 115

-1

Pucynox 2. [Tapamerp ypaBHEHHSI COCTOSIHUSI W, TapaMeTpa 3aMeJICHNs ¢ U TapaMeTpa phIBKa j Kak (GyHKIUH OT A

Ha pucynke 2 mokaszana 3aBHCHMOCTh OT A mapamerpa ypaBHEHHUS! COCTOSHUS @ (CIUIOIIHAS JIMHUS),
napaMeTpa 3ameuIeHus g (ITyHKTUpHAs JIMHKSA) U TapaMeTpa pbIBKa j (IITPUXITYHKTHPHAS JIMHUS).
Bonbiioe 3HaueHne UMEIOT 3HEPreTHIecKue yCcaoBus [6]

NEC=>p+p=0; 33)
WEC= p=0,p+p=0; (34)
SEC=>p+3p=0,p+p=0; (35)
DEC= p=0,—p<p<p. (36)

3nece NEC, WEC, SEC n DEC COOTBETCTBEHHO SIBJIIFOTCS HYJIEBBIM, CITa0BIM, CHJIBHBIM U JJOMUHHUPYIOIIAM
DHEPreTHYECKUMH YCIOBHUSIMHA. DTH YCIOBHS HAKJIABIBAIOT OYCHD IPOCTHIE U HE 3aBUCSIIUE OT MOJIEIH OT-
paHWYCHUS Ha MTOBEJICHUE TUIOTHOCTH SHEPTHH U JIaBJICHUS, TaK KaK He TPeOYIOT ONpeIeTICHHOTO ypaBHEHUS
COCTOSIHHS BeliecTBa. Takum 00pa3oM, ¢ TIOMOIIBI0 SHEPTETHYECKUX YCIOBHIA MOXHO OOBSICHUTH HBOIIO-
o BeeneHHoi, nenomnp3ys o01mye IpuHIUIE [6].

Tak xaKk MbI paccMaTpUBaeM MOJIENb TUIOCKON Beenennoii ¢ merpukoit @PY, To Moxem rpeodpa3oBaTh
ycnoBust (33)-(36) B orpaHUuCHHS Ha MapaMeTp 3aMeJICHHUs ¢, KOTOPBIN sIBIsieTCs Oe3pasMepHO Mepoi
KOCMHUYECKOTO YCKOPEHUS PaCIINPEHUS MPOCTPAHCTBA!

NEC = q > —1; (37)
SEC = q >0; (38)
DEC =q < 2. (39)

Ycnosue WEC Beerzia BBIIONHSETCS AJ151 IPOU3BOJIBHBIX BEIIECTBEHHBIX a(t).
IIpu q > 0 Bcenennas pacmmpsiercst 3ameieHHo. [Ipu g < 0 Bcenennas paciupsiercss YCKOPEHHO.
Ycnosue NEC (37) uMeeT 10cTaTOYHO TPO3pavHbIid CMBICI. Y CKOpEHHOE paciuperne BeeneHHol Bo3Mok-

HO TOJILKO IPH HAJIMYMU KOMIIOHEHTOB C OOJIBIIIUM OTPHUIIATEIILHBIM JIaBJICHUEM P < — % p. DHepreTnieckoe
ycnoBue SEC (38) uckimouaeT cymnecTBOBaHHE TaKuX KOMIOHEHTOB. ClieZIoBaTeEHO, B 3TOM citydae q = 0.
Ho ycnoBust NEC (37) u DEC (39) coBMecTUMBI € YCIOBHEM P < — % p, IOATOMY OHH JOITYCKAaOT PEXUMBI,
B KoTopeIxX q < 0 [6].
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B paCCManPIBaeMOﬁ HaMH1 MOJACIIM MapaMeTp 3aMCIJICHUS PaBCH
) )
qg=-5=-1+-. (40)

Jus mnotHocTr 3Heprun (31), naBienus (32) u napamerpa 3ameicHus (40) BBIMOTHSIOTCS SHEPreTU-
yeckue ycnosuss NEC, WEC, DEC, Ho e ycnosue SEC. Kak BumHO u3 Beipaxkenus (40) u pucyHka 2, Ipu
A > 1 mapametp 3amemienus q < 0, ciemoBaTenbHO, Hallla MOJEb OIHUCHIBAECT YCKOPEHHOE PACIIMpEeHUe
Bcenennoit.

[lapameTp ppIBKa j XapakTepu3yeT CKOPOCTh U3MEHEHHUS YCKOPEeHHUsI paciuupeHus BeenenHoi:

. 2
, aa 3 2
] d3 A AZ ( )

CoBpeMeHHbIE SKCIIEPUMEHTHI, B TOM YHCJIE CBEpXHOBbIC THNa la, WMAP, cBUIETENBCTBYIOT O TOM,
YTO B HACTOSsIIIEE BpeMs mapameTp pbiBka 0imu3ok k 1 [1-4]. Kak BuaHO U3 Beipakenus (41) u pucynka (2),
npu A > 1 mapameTp pbrIBKa CTPEMUTCS K 1.

Baxnouenue

PaccmotpeB mozens f(R)-rpaBUTalliK ¢ MAKCBEIUIOBCKHM YWICHOM U g-OCCEHIIMEH B YEThIPEX M3Mepe-
HUSIX COBMECTHO C OJHOPOJIHOM, M30TPOIMHOW U Tutockod Bcenennoit @punmana-Podbeprcona-Yokepa, Ha-
I ypaBHEHMS ABMKEHHS, PEIICHHe JUII MacTabHOro akTopa, CKaasipHOTro U (PepMHOHHOTO TOJIeH, BOC-
CTaHOBWJIM CKAJSIPHBIA M (DEPMHMOHHBINA MOTEHUMANIBI, U3YyYHIIN 3HEpreTuieckue ycioBus. s paccMmatpu-
BaeMoil mMozenu BhIonHAOTCS 3Hepretuueckue ycnouss NEC, WEC, DEC u He BbINONHSETCS yCJIOBHE
SEC. Haiinens! mapameTp ypaBHEHHS COCTOSTHUS w, TTapaMeTp 3aMeUICHUS g U TapaMeTp PhIBKA j, 3HAUCHUs
KOTOPBIX COOTBETCTBYIOT yCKOpEHHOMY paciupeHuto Bcenennoit mpu A > 1. Iloctpomnm rpaduku amst
¢byHKuMi MacmtabHOro akropa a, mapameTpa ypaBHEHUs] COCTOSIHHUA w, TapaMeTpa 3aMeICHHUs ¢ U mapa-
METpa PhHIBKA j.

B Hacrosiniee BpeMsi KOCMOJIOTM IUIOXO ITOHMMAIOT, IOYEMY pacluvpeHue BceeneHHO#R yckopsiercs.
HaunOonee BneyaTismtonii acClieKT KOCMOJIOTHYECKOTO YCKOPEHHUSI COCTOMT B TOM, YTO Pa3jInYHbIe MOJEIH
€ro MCCIIeI0BAaHMS MIPUBOJAT K OHOMY U TOMY K€ BBIBOAY M 4eM Oojble OyIeT 3TUX Mojesnel, TeM ObICT-
pee, ¢ TOosIBICHNEM HOBBIX HAOJIOIATENbHBIX JaHHBIX, YAACTCSA BBIOpAaTh Hanboee aeKBaTHBIE.
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O.B. Pazuna, I1.1O. [{p10a, )K.M. CarunynnaeBa

f(R)-rpaBuTAIMSACHIHBIH MAKCBEJIIK MYIIECi JKoHe
Z-3CCEeHUMsJIbI YITICiHIiH apesxxeli memimi

Maxanana Ttepresnumemai F,, FHY Makcenn Mymeni jxkoHe g-dcceHUMAIbI  f(R)-rpaBuTanus Momedi
Opunman-Pobeprcon-Yokepain OipTeKTi, M30TPONTHl KOHE >Ka3blK FamaMbeiMeH Oipre KapacTHIPBUIIBL.
Ocepre f(R)-rpaBuTanus YIIiH MaKCBEJIIK MYIIeH] Kocy FanaMHbIH OaifKanaThlH yIeMei KEHEI0 MOceIeciH
miemryae skaHa Tociigep TaOyra MYMKIiHIIK Oepeni. g-acceHIms, aepOec »armaidl peTiHne, €Ki MaHbI3IbI
MOJETbIl Kypaiinsl: k-occeHunst xoHe f-scceHmms. Ocbl MOJIENb VIIIH KO3FalbIC TEHAEYJIep >Xyheci
TabpuIABl. MacmTadThIK (GakTop, CKAIAPIIBIK JKOHE (EPMUOHIBIK OpicTep YIIIH I9PEXKEINIK MeniM KYpPbUIIBL
[ToreHmmanbH 4-BEKTOPHI YIIIH ©pHEK aiblHAbl. CKaIApIbIK XKOHE (EPMHOHIBIK MOTCHIHAIAAD KaJIlbIHA
KeNTipinai. DHepreTHKaNbIK MIapTTap AlbIHBIT 3EPTTENiHAI. Byl JHepreTHKasbIK IapTrap 3aT KyHiHIH
AHBIKTAJIFAH TEHJCYJIEPIH Tajlall eTHEreHIIKTeH, SHEPrusl JKOHE KbICHIMHBIH, THIFBI3/IBIFBIHA ©TE KapanaibiM,
MOJIETBACH Toyelci3 HIeKTeylep Kosibl. KapacTeIpbUFaH MOJENb VINIH HOJNIK, JICI3 KoHe OachiM
9HEPTeTUKANBIK LIAPTTAP OPBIHAAIAIbBI, JETCHMEH JKOHE KYIUTI 3HEPreTHKAJbIK IIapTTap OpbIHIaIMai/Ibl.
Moani A > 1 ke3ne FamamubiH yoemeni KeHEIOiHE COKeC KENETiH JHEPrHs THIFBI3ABIFBL, KBICBIM, KYi
TeHJCYiHIH HapaMeTpi w, TeKETy MapaMeTpi q JKoHe KYJIKbIHBIC ITApaMeTPi j aHbIKTAJIBL.

Kinm cos30ep: f(R)-rpaButanuscel, DWHIITEHH-MaKkcBe/UT TIPaBUTALMACH], Z-ICCEHIHS, DHEPreTHKAIIBIK
mraprap, Ky TeHJeyiHIH napaMeTpi, TeXeITy napaMmeTpi.

0O.V. Razina, P.Yu. Tsyba, Zh.M. Sagidullayeva

Power solution of the f(R)-gravity with Maxwell term and g-essence

In this paper the f(R) model of gravity with a Maxwell term F,,,F*” and g-essence in four dimensions to-
gether with a homogeneous, isotropic and flat Friedman-Robertson-Walker universe is considered. The intro-
duction of the Maxwell term for f(R) gravity allows finding new approaches to solving the problem of the
observed accelerated expansion of the Universe. G-essence includes, as a partial case, two important models:
k-essence and f-essence. For this model, a system of equations of motion is found. Power solution for the
scale factor, scalar and fermion fields was built. An expression for the 4-vector potential is obtained. Scalar
and fermion potentials are restored. Energy conditions were investigated and obtained. These conditions im-
pose very simple and independent of the model boundary on the behavior of the energy density and pressure,
since they do not require a definite equation of state of matter. For the considered model a zero, weak and
dominant energy condition is satisfied and a strong energy condition is not satisfied. The energy density,
pressure, parameter of the equation of state w, the deceleration parameter ¢ and jerk parameter j were found,
the value of which corresponds to the accelerated expansion of the universe at A > 1.
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Keywords: f (R)-gravity, Einstein-Maxwell gravity, g-essence, energy conditions, equation of state, decelera-
tion parameter.
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